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PREFACE 


The present book treats of the subject of Physics up to the Inter* 
mediate or First Science Standard of the different universities, 
and if certain portions are omitted, it may also be used as a text¬ 
book in schools by pupils preparing for the Higher Certificate of 
the Oxford and Cambridge Schools Examination Board, the 
London University Matriculation, and similar examinations. The 
part of it dealing with Light was published in a slightly different 
form in 1925, the sections on Electricity and Magnetism and on 
Heat in 1928, the section on Dynamics and Properties of Matter 
in 1929, and the book has now been completed by the inclusion 
of the section on Sound. I have endeavoured to make the treat¬ 
ment as clear and attractive as possible, and owing to the courtesy 
of the authorities I have been able to add a collection of 
questions from representative public examinations. Some matter 
not hitherto found in books of this type has also been added in 
order to bring the treatment up to date and meet the changing 
requirements of teachers. 

1 am indebted to Dr. G. E. Allan for criticising the sections 
dealing with Dynamics and Properties of Matter and Sound and 
reading the proofs of these sections, and to Dr. R. C. Gray for 
criticising the section on Electricity and Magnetism, reading the 
proofs, and verifying the examples of this section. I am also in¬ 
debted to Messrs, Jas. F. Shearer and A. J. Younger for reading 
the proofs and verifying the examples of the sections on Light 
and Heat respectively, and to Drs. John Thomson and David F. 
Martyn for further assistance with the proofs. With the ex¬ 
perience of so many friends behind it I hope the book will prove 
a safe guide and lighten the labours of students. 

R. A. HOUSTOUN. 

S'tbruary, 1930. 
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CONSTANTS 


SabetADCe. 

Speclflo 

gr^ylty* 

Coeff. of 
panfllon per 
degree 0 . 

Specific he^t* 

Thermal 

CODdUO 

tivity* 
cal./cm. 
sec. 
deg« C. 

Specific re* 

•iBtaDCUp 

Aluminium 

2-65 

25-5X 10-« 

0-21 

0-50 

8 X 10 - 

Brass 

8-4 to 8-7 

18-7 

0-090 

0-26 

6 to 9 

Copper . . 

8-93 

16-7 „ 

0-003 

0-02 

i-'j' ,» 

Iron 

7-86 

11 

0-119 

0-16 

9 to 15 

Lead . . 

11-37 

27-6 „ 

0-030 

0 083 


Platinum . 

21-50 

8-9 „ 

0-032 

0-17 

11-0 ,, 

Steel 

7-7 to 7-9 

11 



^ ^ 99 

Tin . 

7-29 

21-4 

0-055 

0-15 


Glass 

About 2-5 

8 „ 

0-12 to 0-2 

0-002 

10 ^^ to 10 ^ 

Mercury 

18-6 

182 

0-033 

0-018 

95 X 

Methyl 

alcohol 

0-80 

(cubical) 

0 60 



Turpentine 

0-87 


0-42 

- 1 - 


Ice . 

0-916 


0-50 

0-005 

— 


Density op Water at Different Te&iperatubes 


Teiop. 

Density. 

Temp. 

Denalty. 

Temp. 

Density. 

0* C. 

1 

2 

8 

4 

5 

6 

0-99087 

0 90993 

0 90097 
0-99999 

1 00000 
0-09009 
009997 

7® C. 

8 

10 

15 

20 

25 

30 

0 09993 
0-90088 
0-9907 
0-0901 
0-9982 
0-9971 
0-0957 
i 

40* C. 

50 

60 

70 

80 

00 

100 

0-9922 

0-9881 

0-9832 

0-9778 

0-9718 

0-9653 

0-9584 


Indices of Refraction for Sodium Light 


Crown glass about , , . 1.52 

Flint glass about . , . 134 to 1-7 

Diamond.2-417 

.1-31 

Carbon bisulphide at 0* C. . 1-C44 

Carbon bisulphide at 20* C. 1-G28 


Water . 

Amyl alcohol . 
Ethyl alcohol . 
Methyl alcohol 
Ethyl ether 
Glycerine . 


i-838 

1*41 

3-362 

1-832 

1-852 

1-468 


The refractive index of air under standard condiiiotis i=> 1-00029. 

A silver mu-ror reQects about 93 per cent, and a polished glass surface 
retiects about 4 per cent, of the light incident perpeudic-ularly upon it. 
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CONSTANTS 


Wavb-Lbkoths Iff Visible Spbctbitm 


Hydrogen vacuum tube 
Mercury arc 

Helium discharge lamp 

Sodium flame . 

Lithium flame . 
Thallium flame 


4102, 4340, 4361, 6563. A. U. 

4046-8, 4078 1, 4358-2, 4916-4, 5460-7, 5769-6, 
5790-7. 

4389, 4438, 4471, 4713, 4922, 5016, 5048, 5876. 

6678, 7065. 

5890-0, 5895-9. 

6707-R. 

5850-7. 


Ratio of Light Diffusely Reflected to Light Received 


White cartridge paper 
Ordinary foolscap 
Yellow wallpaper 


(Ordinary Daylight) 


0-80 
. 070 

. 0-40 


Emerald green paper 
Black cloth 
Black velvet . 


0-18 

0-012 

0-004 


Brass 

Copper 

Iron 

Steel 


Elasticity Moduli 


(In dynes per sq. cm.) 

Young's Modulus. Rigidity Modulus. 

. 1-0x10** 3-5x10** 

• 1*24 ,, 4-0 ,, 


2-0 

2-0 


• 9 


8-0 „ 

8-0 ,. 


Bulk Modulus. 

10 X 10*^ 

14 „ 

14 „ 

18 „ 


Surface tension of water 74 dynes per cm. 

Surface tension of mercury 547 dynes per cm. Angle of contact between 
mercury and glass 52® 40'. These values vary largely with the freshness of 
the surface. 


Gravitational constant, 
g at Equator 
g at Greenwich 
g at North Pole 
1 Horse-power 
1 Kilowatt 


=0-66 X 10“* e.g.s. unit. 
=978 cm. per sec.* 
=981-18 cm. per sec.* 
=98^3-2 cm. per sec.* 
=33,000 ft.-Ib. per min. 
= 1-34 horse-power. 


1 cubic foot of water weighs 62-43 Ib. Specific gravity of paraffin wax 
9-91, of cork 0-25, of sea-water 1-01 to 1-05. 

1 litre of dry air weighs 1-293 gm. at O® C., 76 cm. 

Velocity of sound in air is 331-3 metres/sec. or 1087 ft./sec. at O® C. 
Velocity of light is 3-00x10*® cm./sec. = 18G,000 miles/sec. 
Electro-chcmical equivalent of silver=0-001118 gm. per coulomb. 
Saturation pressure of aqueous vapour on pp. 141, 193, and 198. 



PART I 


DYNAMICS AND PROPERTIES OF MATTER 

CHAPTER I 

UNITS AND MEASUREMENT 

Units of Length and Mass. —In dynamics and physics generally 
we deal with the relations between the measurements of different 
quantities. Now, before we measure any quantity we must have 
a unit in which to measure it. We must therefore begin our 
study of the subject by describing the units employed in it. 
They are of two kinds, fundamental units and derived units. 
The fundamental units are those of length, mass, and time ; as 
examples of derived units we may take the unit of volume which 
can be expressed in terms of the unit of length, or we may take 
the unit of density, which can be expressed in terms of the unit 
of mass and the unit of length. 

There are two systems of fundamental units established by 
law in Great Britain, the foot-pound-second system, sometimes 
referred to as the British system, and the centimetre-gram-second 
system or metric system, which is usually referred to, for short, 

the e.g.s. system. 

The standard unit of length on the ft.-lb.-sec. system is the 
yard, which is defined by Act of Parliament as follows : The 

straight line or distance between the centres of the transverse 
lines in the two gold plugs in the bronze bar deposited in the 
Office of the Exchequer shall be the genuine standard at 62® F., 
and if lost it shall be replaced by means of its copies.” The 
foot is, of course, ^ of the yard. The standard unit of mass on 
the ft.-lb.-sec. system is the pound ; this is defined as the mass 
of a certain piece of platinum, marked “ P.S., 184.4, 1 lb.,” which 
is kept at the same place as the standard yard. 

The yard and pound are arbitrary units, that is, they are not 
intended to be the length or mass of any object existing in nature ; 
they are the descendants of units employed in ancient times! 
The e.g.s. system, on the contrary, was a new system devised by 
a scientific committee appointed in France after the great revolu- 
) tion. The standard unit of length on this system, the metre, 
was b^ed on the earth’s dimensions, and was intended to be one 
ten-millionth part of the distance from the North Pole to the 
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Equator measured along the meridian passing through Paris. 
A rod of platinum was made by Borda which should fulfil this 
condition at 0® C., and as it would be inconvenient to alter the 
standard of length slightly every time a more accurate deter¬ 
mination of the length of the earth’s meridian was made, the 
metre is defined, not as the ten-millionth part of the quadrant of 
the meridian, but as the distance between the ends of Borda’s 
rod at O® C. The kilogram was originally intended by Borda to 
be the mass of one cubic decimetre of water at 4® C., the decimetre 
being y’j of the metre. It does not fulfil this condition exactly, 
and is defined as the mass of a certain lump of platinum, preserved 
at Paris and called the ‘‘ Kilogramme des Archives.” 

The advantage of the metric system over the ft.-lb.-sec. 
system is that all the multiples and submultiples of its standard 
units are powers of 10 ; thus the centimetre is of the metre, 
the millimetre ysg^ of the metre, and the kilometre, the unit 
on the metric system corresponding to the mile, is 1000 metres, 
while the kilogram is 1000 grams. Length and mass can be 
easily changed from the one system to the other if we remember 
two relations, namely, that 

1 foot =30*48 centimetres 

1 lb. =453*6 grams. 

The unit of volume on the e.g.s. system is the litre, which is one 
cubic decimetre or 1000 cubic centimetres. Owing to the ease 
with which calculations can be made by the metric system, it 
has been adopted by most civilized countries, and is used almost 
exclusively for scientific work. 

Unit of Time. —As a consequence of the earth’s rotation 
on its axis the sun appears to move across the sky. When it 
is at its highest altitude any day, it is said to be in the meridian. 
The interval of time between the passage of the sun across the 
meridian on any one day and its corresponding passage on the 
next succeeding day is an apparent solar day. 

Owing to different causes the length of the apparent solar 
day varies throughout the year, and it is thus not suited for a 
standard of time. But if we take its average value, i.e, if we add 
the lengths of all the days in the year together and divide by 
the number of days, we obtain an interval of time which is 
constant, and which is known as the mean SOlar day. The unit 
of time on both the e.g.s. and ft.-lb.-sec. systems is the mean 
solar second, which is defined as one 86,400th part of the mean 
solar day. The time given us by our clocks, mean solar time, is 
the time given by a fictitious sun which moves at a uniform speed 
across the sky and is during one part of the year in front of, and 
during another part of the year beUnd the real sun. The difference 
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between the times at which the real sun and the fictitious sun 
cross the meridian on any day, measured in mean solar time, is 
called the equation of time for that day, and may be as much 
as 16 minutes. 

The stars rise, travel across the sky, and set in the same 
way as the sun does. But the interval between two successive 
transits of any particular star across the meridian is always the 
same, no matter at what season of the year it is measured. This 
interval constitutes a sidereal day ; the sidereal day is four 
minutes shorter than the solar day. 

Dimensions of a Unit. —The area of a rectangle 2 centi¬ 
metres broad and 3 centimetres long is 2 cm. x3 cm. = 6 cm.2 or 
6 sq. cm. The volume of a rectangular block 2 cm. broad, 3 cm. 
long, and cm. high is 2 cm. x3 cm. xl§ cm.=9 cm.3 or 9 cub. 
cm. The unit of len^h consequently occurs to the second power 
in area and to the third power in volume. If it be denoted by L, 
we express this by saying that the dimensions of area are L2 and 
of volume are Ls. The density of a substance is defined as its 
mass divided by its volume ; thus the density of lead is about 
11*4 gm. per cm.*, or, as it is often written, 11-4 gm./cm.s. Hence 
if we denote the unit of mass by RI, the dimensions of density are 
ML“8. In the same way, as will be seen from the next chapter, 
the dimensions of velocity are LT-i, and the dimensions of all 

other derived units can be expressed as a product of powers of 
L, M, and T. t' 

The dimensions of all the terms in an equation should be the 
same. This is sometimes a means of detecting errors. Also, 
as will be seen the following example, the dimensions of a 

quantity must be carefully borne in mind when changing from 
one set of units to another. 

Example.— Change a density of 50 lb./ft.» into Ib./inch* and 
gm./c.c. 

50 lb. 50 lb. 50 lb. 

ft.» — (12 inchT* ^ I728“ihch3 =^>'02894 Ib./inch* 

60 1b. 50 X 453-6 gm. 60 X 453-6 gm. 

ft.» " (30-48 cm.)® “ 30-48»cm.» =0-8011 gm./c.c. 

Vernier. —We shall now describe certain measuring instru¬ 
ments, namely, the vernier, vernier callipers, micrometer screw 
gauge, and spherometer. 

If an object is being measured by a scale divided into centi¬ 
metres and millimetres, and its end comes between two divisions, 
it is possible to estimate the length to about a quarter of a milli¬ 
metre. The eye does this by mentally subdividing the millimetre 
into quarters and estimating by how many of these imaginary 
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quarters the end of the object exceeds the nearest whole division. 
If we wish, liowever, to have the result correct to nrj of a milli¬ 
metre, it is difficult to obtain this degree of accuracy by judgment 
and the eye alone, and it is usual to employ an auxiliary scale, 
which slides along the edge of the scale and is called a vernier, 
after the name of its inventor, a seventeenth-century French 
mathematician. 

The principle of the vernier will be made clear by considera¬ 
tion of Fig. 1, which represents a portion of a centimetre scale 

considerably magnified. 
AB is the object to be 
measured, and we see 
tliat its end B lies be¬ 
tween 6‘7 and 6*8 cm. 
Let r=length of a ver¬ 
nier division and . s = 
length of the smallest 
scale division. Then it will be found by inspection that 9s = 10u 
or v—y^s. That is v=s—j^St and the difference in length of a 
vernier division and scale division, or “ least count ** as it is 
called, is equal to scale division or y'g mm. 

Now look along the vernier to see which division on it is most 
nearly opposite to a division on the scale. It is the fourth, the 
one marked e in the diagram. If e coincides with a scale division, 
d is consequently y’g mm. to the right of a scale division, c y^g mm. 
to the right of a scale division, h " mm. to the right of the corre¬ 
sponding scale division, and a xo mm. to the right of the corre¬ 
sponding scale division. Thus B exceeds the 7 mm. mark by 
yg mm., and the correct reading of the scale is 6 74 cm. The 
rule, therefore, in using this vernier is simply to look for the 
point where coincidence occurs ; if it is at the fourth division 
on the vernier, the fraction is y^g mm. If it is at the seventh 
division on the vernier, the fraction is y’g mm. 

The vernier represented in Fig. 1 is a particularly simple one. 
More generally if n vernier divisions equal n —1 scale divisions 


nv = (n —1)« and v=s — 

n 

Thus the least count is s/n, and if coincidence occurs at the mth 
division the fraction is {^7tis)jn.. The method of reading a strange 
vernier may always be made out by inspecting it, and the first 
few readings should always be checked by estimating the fraction 
by the eye. 

Sometimes, but very rarely, wi;=(n + l)s and the vernier 
division is larger than the scale division. This is the form which 
was given to the vernier by its inventor. It has the advantage 
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of a “ more open scale/* i.e. the divisions are further apart than 
in the other form and consequently easier to read, but this is 
outweighed by the disadvantage that the numbers on the vernier 
run the opposite way to the numbers on the scale itself. 

Vernier Callipers. —Fig. 2 represents one form of sliding 
vernier callipers, consisting of a tliin steel rod with a fixed jaw at 



Fig. 2.—Vernier callipers. 


one end and a movable jaw, which can be clamped by a screw, 
and the position of which can be read either in centimetres or 
inches according to the vernier used. The object to be measured 
is placed between the jaws, and the movable jaw adjusted until 
\tjust touches it. Then its dimensions are given directly on the 
scale, for when the faces of the jaws are in contact, the zero division 
of the vernier coincides \vith the zero division of the fixed scale. 

Micrometer Screw Gauge. —The micrometer screw gauge, 
which is shown in Fig. 3, is an instrument used for measuring 



Fig. 3.—Micrometer screw gauge. 


small thicknesses, for example, the thickness of a metal plate. 
The object to be measured is inserted in the gap at the end of the 
screw. The latter is moved in and out by turning its head. 
As the screw moves out, it uncovers a scale. When the end of 
the screw is pressed against the piece opposite to it, the reading 
on the scale is zero. In the form of screw gauge most commonly 
used in schools the pitch of the screw is ^ mm., and the head 
of the screw is divided into 50 equal parts, enabling fractions of a 
rotation to be read. Thus for every complete turn of the screw 
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the end moves out one half-millimetre. As each division on the 
“ drumhead *’ corresponds to a movement of the end of the 
screw through a distance of ^ mm., the instrument obviously 
reads to mm. 

Spherometer. —The spherometer is founded on the same 
principle as the screw gauge. The usual construction of the 

instrument is shown in Fig, 4, It 
rests on three fixed legs, the feet of 
which are at the same distance from 
one another. These three legs support 
a framework in which a micrometer 
screw turns. The micrometer screw 
is equidistant from the three fixed 
legs. The pitch of the screw is usually 
^ mm. The number of half-milli¬ 
metres through which the screw is 
raised is given by the vertical scale 
and the fraction of a half-millimetre 
is given by the circular scale. 

The spherometer is used for deter¬ 
mining the radius of curvature of 
curved surfaces such as the surfaces 
of lenses. Let us suppose that the surface to be measured is a 
concave one. The instrument is first placed upon a plane surface, 
usually the surface of a glass plate, and the micrometer point 
screwed down until it just touches the plane. The four feet of 
the instrument are then all in the same plane. The reading of 
the circle and of the scale is then taken. The instrument is next 
placed upon the curved surface, and the micrometer ^oint, screwed 
down until it makes contact again. The reading of the circle 
and of the scale is then taken again. Let I be the distance 
between two of the fixed feet, and let d be the vertical distance 
traversed by the point of the screw. Then the radius of cur¬ 
vature is given by 



Fio. 4.—Spherometer. 



^ It is sonietimes difficult to decide when the mic»x)meter screw 
is just making contact. If it goes too far, of course, the instru¬ 
ment rocks, but this is a clumsy test. If the surface is a polished 
one, as contact is approaching, an image of the point in the surface 
can be seen approaching the point itself, and at contact point 
and image touch. If the screw is turned very steadily and 
carefully indeed, there is a slight jar at contact, and the whole 
instrument may swing round on the screw as a pivot. This is 
probably the best test. 
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Proof of Formula.—In order to prove the formula consider Pig. 5, 
Let A, B, and C be the points of contact of the fixed feet, and D the 
point of contact of the screw on the curved surface. Let G be its 
position when it is in the same plane as the fixed feet, and let O be the 



C 
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centre of curvature of the spherical surface. Then GD=d, ABsBC 
a=CA=/, and OD=r. 

Join CG. Then 

Ta=OC»=OG* + GC*=(r—d)* + GC* 

Draw GE perpendicular to CB. Then it is clear from Fig. 6 that 

CG=-^=-?- 
cos 30® y'S 

2 * 

Hence r>==(r—d)*H =r*—- 

8 3 

2 * I* fi 

i.e. 2rc2 = —+d*or r= -(— 

8 6d 2 

the required formula. The second term in the formula may usually 
be neglected in comparison with the first one. 


, Exampi^rs I 

1. Calculate the number of cubic centimetres in one cubic inch and 
in one cubic foot. 

2. Find the number of litres in a cubic foot. Hence find the mass 
of 1 cub. ft. of water in kg. and in lb. 

8. Change a density of 11-4 gm./c.c. into lb./ft.« and lb./inch.» 
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KINEMATICS 

Divisions of tho Subject.—Dynamics is that part of physics 
wluch deals with the behaviour of matter under the action of 
force. It IS usually subdivided into statics which includes the 
cases in which the forces do not produce any change in the motion 
ot the bodies to which they are applied, and kinetics which 
includes the cases in which change of motion does occur as a 
result of the application of force. Kinematics deals with the 
geometry of motion without reference to the application of force, 
and may also be regarded as a subdivision of dynamics. Hydro¬ 
statics deals with the equilibrium of liquids under the action of 
forces. 

Sometimes, however, the word dynamics is used as opposed 
to statics to denote the portion of the subject to which the name 
kinetics has been given above, and the name mechanics is then 
applied to the whole subject. 

f suppose that a motor car covers a distance 

ot 20 miles in one hour. Then its average speed is 20 miles per 
nour. Hiither of two cases may occur. It may cover 294 feet 
in every second of the motion. In this case the speed is said to 

xATi case is, of course, extremely improbable. 

What is more likely is that the car slows down to 10 miles per 
hour in passing through villages and increases its speed to 30 
variab^e*^ hour in the open. In this case the speed is said to be 

If the speed is variable, in order to determine its magnitude 
at a particular point on the road, it is necessary to time the car 
over a short distance. If it is timed over 500 yards and takes 
50 seconds, the average speed over this distance is 30 feet pel 
second. If the distance is made smaller, say 100 yards, and the 

average speed over this distance is 
,534 feet per second. If it were possible to time the car accurately 

Valiie. distance still, the average speed would have another 

The speed at the point is the value which the average sveed takes 
xvhen the interval is made indefinitely small, ^ * 

10 
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Speod Time Diagram. —Let us suppose that a train starts 
from rest at a station* and that after 5, 10* 15* 20, and 25 seconds, 
its speed is respectively 14, 25, 34, 41* and 47 feet per second. 
Then if these values are entered as ordinates in the graph in Fig. 7» 
and the ends joined by a curve, the ordinates at intermediate 
times give the speeds at these times, and the curve is known as 
the speed time diagram of the motion. The speed, of course* 
increases continuously from the beginning of the motion. 

Let us suppose now, that instead of the speed varying con¬ 
tinuously* the train moves during each five seconds with the 
speed that it actually possesses at the end of the five seconds* 
and that at the end of this period the speed changes suddenly to 
the value it possesses at the end of the next five seconds. The 
speed would then be represented by the stepped line in Fig. 8. 
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Since the speed during the first five seconds is now 14 feet per 
second, the distance travelled during this time is 14x5=70 feet. 
This is numerically equal to the area of the first rectangle in 
Fig. 8, since the length of the base is 6 and the height is 14. 
Similarly the distance travelled during the second five seconds* 
25x5 = 125 feet, is numerically equal to the second rectangle, 
and the whole distance travelled during the first 25 seconds of 
the motion is represented by the sum of the areas of the five 
rectangles. 

The distance travelled in the motion represented in Fig. 8 
is greater than the distance travelled in the actual motion. If, 
however, the train travels during each five seconds with the speed 
it has at the beginning of the period, the distance travelled is 
less than the distance travelled in the actual motion. It would 
be represented in tliis case by the rectangles in Fig. 9. The 
difference between the distances travelled in the two hypothetical 
cases is represented by the shaded areas in Fig. 9. 
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Let us now take intervals of two and a half seconds and 
suppose that the speed remains constant during each such interval, 
and then changes abruptly. The difference in the distances 
traversed in the two hypothetical cases is now represented by 
the shaded areas in Fig. 10, and is only about a quarter as large 
as in the previous case. 

Thus by diminishing the size of the intervals we can make the 
difference between the two distances as small as we please, while 
me true distance traversed is always intermediate between them. 
Hence we infer, that if the number of the intervals is made 
infinitely large, and the stepped lines both coincide with the actual 
speed time curve, the distance traversed is represented by the area 
of the curve itself. 


The distance traversed hy a moving body daring any time is 
numerically equal to the area included between the curve repre~ 
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sen ting its motion on a speed time diagram, the aa:is of time, and the 
ordinates drawn through the points corresponding to the hesinning 
and end of the interval considered* 

C9niposition and Resolution of Velocities. —The word 

velocity is used in physics in a different sense from the word 

speed. When we use the word speed, we refer only to the space 

covered ; when we use the word velocity, we consider at the 

same time the direction in which the motion takes place. Thus 

we speak of a speed of 10 miles per hour, and of a velocity of 
10 miles per hour due north. 


3 a body at any given instant can be repre¬ 

sented by a straight line drawn in the direction of the motion, 
\vith Its length numerically equal to the magnitude of the velocity, 
rhe direction in which the motion takes place is usually specified 
by an arrow head placed on the line. Quantities such as velocity 
which can be represented by a straight line are known as vectors ; 
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quantities such as density and mass which have only magnitude 
and no direction are called scalars. 

A body may have two velocities at the same time. Suppose, 
for example, a steamer is moving with a velocity of 20 feet per 
second. Then (Fig. 11) if a man is standing on its deck at O, 
after the lapse of 
one second he has 
been carried to A. 

If, however, he is 
running across the 
deck with a velocity 

of 12 feet persecond. Fig, ll. — Illustrating the parallelogram of velocities, 
and would have 



arrived in one second at B, had the ship been at rest, owing to 
the motion of the ship he is carried to C. By considering 
intervals smaller than one second it can be shown that he is 
carried to the final position C along the line OC. 

Now OA, since it is 20 units long, may be taken to represent 
the velocity of the ship, and OB, since it is 12 units long, to 
represent the velocity with which the man runs. These are 
referred to as his component velocities. If he had moved with 
the single velocity represented by OC, he would have arrived 
at the same place in the same time j this velocity is called his 

resultant velocity. 


If a body possesses simultaneoxisly two velocities represented in 
magnitude and dirf^ction by two sides of a parallelogram, drawn 
from one point, they are equivalent to the single velocity represented 
in magnitude and direction by the diagonal of the parallelogram 
passing through the point. 

The above theorem is known as the parallelogram of 
velocities. It is proved by an appeal to experience such as in 
the case of the ship described above ; no satisfactory formal 
proof of it can be given. 

In the case of the man on the deck of the ship we compounded 
his velocity relative to the ship, OB, with the velocity of the 

3 Q ship, OA, in order to find his 

resultant velocity, OC. We 
might have been given the 
converse problem, that is, we 
might have been given the 
velocities of the man, OC, 

12 ), 

and have been asked to find the velocity of the man relative to 
the ship. In this case we simply superpose on both man and 
ship a velocity OA' equal and opposite to OA. This reduces the 
ship to rest, but does not alter the velocity of the man relative to 
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the ship. Consequently the latter is equal to his new resultant 
velocity, and is found by completing the parallelogram A'OC and 
drawing the diagonal OB. To state the rule generally : 

In order to find the relative velocity of one point P with 
respect to another point Q, we compound with the velocity o/* P a 
velocity equal and opposite to the velocity of Q. 

Any quantities that can be represented by straight lines, that 
is, all vectors, can be compounded and resolved by the parallelo¬ 
gram construction. The parallelogram construction is, in fact, 
simply the method of adding vectors. 

Example. —A boat is being rowed at 3 miles per hour relatively 
to a river which is flowing at 4 miles per hour. It is being rowed in a 
direction making an angle of 30° with the direction of the river. Find 
its resultant velocity. 

We have u® -+* 1 ^ 2 ® H-SoiOj cos 5 =3* 4-4*-i-2 x 3 X 4 cos 30° 

Hence v =6*76 miles per hour. 

Let a be the angle which the direction of the resultant velocity makes 
with the direction of the river. 

sin a sin 30 

Then - =- 

3 6-76 

hence a = 12° 49' 

Example.— A plane is inclined at an angle of 25° to the horizontal 
and a wooden block is sliding down it with a velocity of 80 cm./sec. 
Find the horizontal component of its velocity. 

When we are asked to find one component, it is usually assumed 
that the other is at right angles to it. Thus in this problem the 
parallelogram of velocities becomes a rectangie with a horizontal and 
a vertical side and the diagonal making an angle of 25° with the hori¬ 
zontal. The required component is consequently 

30 cos 25=27*19 cm./sec. 

Acceleration.—The acceleration of a body is its rate of 
change of velocity. Now velocity possesses both magnitude 
^nd direction ; both may change and the one may change with- 
.>ut the other. The simplest case is that in which only the 
magnitude cliangcs, and the motion takes place in a straight line. 
We shall consider this case first. 

Let us suppose that a body is moving in a straight line, that 
its velocity at a certain time is 10 ft. per sec., and that at I, 2, 
3, . . . seconds after this time its velocity is, say, 13, 16, 19, . . . 
ft. per sec. That is, in each second the velocity increases by the 
same amount, namely 3 ft. per sec. In this case the acceleration 
is said to be uniform. If, however, after 1, 2, 3, , . . seconds, 
the velocity had been 13, 17, 22 . . . ft. per sec., the increases 
in successive seconds would not have been the same. In this 
case the acceleration is said to be variable. 

Let us suppose that at a certain time the velocity is 15 ft. per 
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sec.» and that after five seconds it is 85 ft. per sec. Then the 
average acceleration during this period is 

change of velocity 85 —15 ft. per sec. 20 ft./sec. 4 ft. 

time 5 sec. 5 sec. (sec.)* 

and is written 4 ft. per sec. per sec. or 4 ft./sec.* The second 
per. sec.** is at first difficult to understand, but a little considera¬ 
tion shows the need for it. Velocity, which is rate of change of 
distance, is measured in units of length per second ; acceleration, 
which is rate of change of velocity, is measured in units of 
velocity per second, i.e. in (ft. per sec.) per sec. The dimensions 
of acceleration are thus LT"*. 

In the example cited above the average acceleration over 
5 sec. is 4 ft./sec.*. The average acceleration over 1 sec. would 
probably have a different value, and if the interval of time were 
made indefinitely small, the average acceleration would have a 
still different value. The acceleration at a given instant in the 
case of variable acceleration is the value which the average 
acceleration takes when the interval becomes indefinitely small. 

Uniformly Accelerated Rectilinear Motion. —Let a body be 
moving in a straight line with uniform acceleration, let u be its 
velocity at a certain instant of time, and let a be the accelera¬ 
tion. Let V be the velocity after a time t has elapsed. 

The change of velocity in the time is v —u. Hence by definition 




t 


which gives v 

Let s be the space traversed 
during t. In order to find s 
consider the speed time dia¬ 
gram of the motion. Fig. 13. If 
AB and CD each represents 
one second, BC represents the 
change of velocity during the 
first second and DE the change 
of velocity during the next 
second. BC=DE. Hence 
the triangles are equal, and 
AE is a straight line. By 
proceeding in this way it may 
be shown that AF is a straight 
line. Hence 


=M+ai.(1) 



Fig. 13. 


8 =area of figure 

= \{u-\-{u->r<x.t})t 


(2) 
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If formula (1) be squared, we have 

=w2 -|-2a{irf +^1X^2) 

—u^-\-2a.s from formula (2) 

Hence u*—u® =2cc3 .• (8) 

This formula does not contain the time. The above three formul® 
are of great importance for solving problems in uniformly 
accelerated rectilinear motion. But they should not be used 
mechanically; it is often better not to use them and to work out 
the problem from first principles. 

Special Cases.—If the body starts from rest, «=0, and the 
formul® become jy=od, s = ^oU^, and v^=2cts. If the motion is 
retarded instead of accelerated, then v is less than u, and the 
formul® become 

V =u—at 
s —tU — 

and —^2 = _2aJ. 


Exariplb.— A body is moving with uniform acceleration in a 
straight line. Its velocity changes from 4 ft./sec. to 14 ft./sec. in 6 sec. 
Find the acceleration and the space passed over during the interval. 


a = 


14—4 

6 


- ft./sec.* 
3 


S = }(4+14)6=54 ft. 


Falling Bodies. —The importance of uniformly accelerated 
motion lies in the fact that it includes the case of falling bodies. 
In air bodies fall with unequal velocities ; a piece of lead falls 
more rapidly than a feather or a piece of paper. It was formerly 
thought that this difference was due to the materials themselves, 
and Aristotle taught that bodies fall with velocities proportional 
to their weights.” But Galileo showed by dropping weights 
and other articles from the leaning tower of Pisa about 1590, 
that the difference is due to the resistance of the air which increases 
with the extent of surface of the body. This can also be shown 
by crushing a piece of paper up into a ball and seeing how much 
faster it falls, or by a well-known experiment performed by 
Newton, called the guinea and feather experiment. In this 
experiment a guinea and feather are placed in a long straight 
glass tube about four feet long, from which the air can be 
exhausted. When the tube is inverted, the coin and feather fall 
to the end of the tube in exactly the same time. But when air 
is introduced, the feather is retarded, and the retardation increases 
with the quantity of air introduced. 
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If the air exerted no resistance, all bodies would fall with the 
same acceleration. This acceleration varies slightly from place 


to place on the earth’s surface, being least 
at the equator and greatest at the poles. 
It is always denoted by the letter g. Its 
average value for Great Britain is about 
981 cm./sec.2 or 82*2 ft./sec.® 

In calculations on falling bodies the 
resistance of the air can be neglected, unless 
the surface is large in comparison with the 
weight, as in the case of a feather or piece 
of paper. On the ft.-lb.-sec. system g is 
usually taken as 32 ft./sec.2 unless special 
accuracy is required. 

Galileo made his celebrated experiment on 
falling bodies when he was 26 years of age. He 
was professor of mathematics at Pisa on a very 
small salary, and in the presence of the assembled 
university he ascended the famous leaning tower, 
balanced a 100-lb. and a 1-lb. shot on the edge, 
and dropped them together. They struck the 
ground together, while according to Aristotle 
the one should have taken 100 times as long as 
the other. The tower is 188 feet high, Aris¬ 
totle’s teachings were regarded as inspired, the 
university was not convinced, and Galileo, as a 
consequence of his youthful energy and impru¬ 
dence, had to leave Pisa. 

The formulae for falling bodies and projectiles 
under gravity are due to Galileo, who is the 
founder of experimental physics ; before Galileo 
it was the custom to settle a question of fact, 
not by appeal to experiment, but by quoting 
chapter and verse from Aristotle. 

BXAMF 1 .E.—A body thrown upwards against 
gravity reaches a greatest height of 200 ft. 
Find (i) the velocity with which it is projected, 
(ii) the time taken to reach the top, (iii) the 
velocity which it has after ascending 60 feet, 
(iv) the velocity it has two seconds after the 



Fio. 14.—Guinea and 
feather experiment. 


start of the motion, and (v) the height ascended in the hrst two 


seconds of the motion. 


(i) n*=2gs = 2 X32 X200 
u = 118 ft./sec. 

(tf) 8 = ^gf 200=^X32 X<» 
t =3'53 sec. 
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(iii) u»=— 2 ^^ i»» = 118»—2 x82 x60 

u=94'6 ft./sec. ' 

^’iv) u=ii—g/ = 113—32 X2 
=49 ft./sec. 

(v) 5=i/«—i 5 <a = ii3x2—ix32x2* 

= 162 ft. 

The body has the same velocity on passing each point in the down¬ 
ward motion as it had on the upward motion, but in the opposite 
direction. 

Example. —A stone falls over a cliff, and travels 80 ft. in the last 
second before it strikes the groiind at the foot of the cliff. How high 
is the cliff ? 

Let /»=height of cliff and <=time of fall. 

Then A=ix32(* 

/i—80 = i X 32(/— 1)* 

Hence 80 = i x 32(f * —{« — l}*) 

<=3 sec. and ft =144 ft. 


Doflnition of Acceleration. —We shall now consider the 
definition of acceleration in the general case, when the motion is 
not in a straight line. Let OA (Fig. 15) represent the velocity 
^ _ of a body at a given time, and OB 

^ -velocity after an interval of 

time t. Draw OC parallel and equal 
to AB. Then it is obvious from the 
parallelogram OABC, that OC 
represents the change of velocity 
Fig. 15. during the interval t; hence OC/t 

, . , . represents the average acceleration 

during the interval. Since AB is parallel and equal to OC, 
we might equally well choose AB to represent the change in 
velocity, and we would in tliis case be saved the trouble of com¬ 
pleting the paraUelogram. We shall therefore represent the 
average acceleration by AB/i. 

Now make f indefinitely small. The value which AB/t then 
take^ and the direction which AB then takes, are the magnitude 
and direction of the acceleration at the time in question. Thus 
the direcUon of the acceleration in the general case is not the 
same as the direction of the velocity. 

Acceleration is a vector and can be compounded and resolved 
by the parallelogram construction. 

Uniform Motion in a Circle. —Let us suppose that a particle 
IS moving m a circle with uniform speed, and that it makes a 
complete revolution in time T. In this time it describes the 
angle 27 r about the centre of the circle. The-angular velocity 
or rate of description of angle about this point is consequently 
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27r 

Y 

It is usually denoted by co. If v is the speed in the path and r 
is the radius of the circle, we have 


Hence 


277T 



t;=air. 


Suppose that at a certain in¬ 
stant the particle is at A (Fig. 16), 
and that after an interval t it is 
at B. When it is at A, it has a 
velocity along the tangent at A 
equal to v. Represent this 
velocity by the straight line Oa. 
When the particle is at B, it has 
a velocity along the tangent at 
B. Represent this velocity by 
the straight line 06. Ob=Oa. 
Then the change in the velocity 
during the time is represented 
by db. 

Let /_aOb = 6, Then, if ab 
is bisected at c and c joined 
to O, 


Fio. 16. 



fk 

a6=2ac=20a sin - =2v 

2 



The average acceleration during t is 


2v sin 


e 

2 



When 6 is made very small, the point B moves up to the point 

A, sin ~ becomes equal to -, and the average acceleration becomes 

equal to the acceleration at A. It then takes the value, 

vd 

T 

But 0 = ^ ACB =6ui. Hence 

vd 

- =va>~ — or a)®r 

t r 


When B moves up to A, ab becomes parallel to AC, 

Hencct xchen a particle is moving with uniform speed in a circle^ 
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it has an acceleraiion equal to v^fr or cj^r towards the centre of the 
circle. 


Example.— A train is moving at a speed of 60 miles per hour round 
a curve of one-quarter mile radius. Find the acceleration towards the 
centre of the curve. 

c=60 miles/hour =88 ft./sec. 

T, V* 88 * x4 

Hence ^ = - 52 ^ =5-87 ft./sec.* 


Simple Harmonic Motion, —Let a point Q travel with 

uniform speed v round a circle of radius r and centre C, and 
from its instantaneous position let a perpendicular QP be drawn 

to AB, any fixed diameter of the 
circle. Then, as the point Q travels 
round the circle, the auxiliary circle 
as it is called, the perpendicular 
QP moves parallel to itself, and the 
point P travels back and forwards 
along the diameter AB. The point 
P is then said to describe a simple 
harmonic motion or as it is 

written for short. Simple harmonic 
motion is thus the projection upon a straight line of uniform 
motion in a circle. It must be noted that both the point Q and 
the auxiliary circle are mathematical fictions used for defining 
the When S.H.M. occurs in nature there is only the one 

real motion, that of P in the straight line. 

Simple harmonic motion occurs frequently in nature. It is 
described, for example, by the bob of the pendulum of a clock 
and by the prongs of a vibrating tuning fork. The angle QCP 
is called the phase of the motion. The whole distance that P 
traverses, i.e. AB, is called the range of the S.H.M., and half the 
range, i.e. the radius of the auxiliary circle, is called the amplitude 
of the S.H.M. The time taken by P to go from one end of the 
range to the other end and back, or the time taken by Q to go 
once round the auxiliary circle, is called the period of the S.H.M. 
Let It be denoted by T. Then 




27rr 

V 


Join QC and let ^QCP = ^. Then the displacement of P 

from Its mean position is given by CP=CQ cos d=r cos 6. 

Draw QD, the tangent at Q, and produce BA to meet it at 

T^o ^ velocity ^ Q is equal to i;, and is in the direction of 

^ component of the velocity of Q 

along DB, that is, it is v cos QDP=i; sin 6, j' vc 
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The acceleration of Q is and is in the direction QC. The 
acceleration of P is the component of the acceleration of Q in 
the direction AB, that is, it is 

•ni 

— cos QCP = — cos 6 

r r 

4 

We have therefore 

— cos 6 

Acceleration of P r v* inr^ 

Displacement of P r cos 6 T^ 

Thus, when a particle is describing a the ratio of its 

acceleration to its displacement is constant and equal to 4in^ 
divided by the square of the period. 

Conversely, when a particle is moving in a straight line under 
an acceleration towards a fixed point in the line proportional to 
its distance from that point, it is describing a S.H.M. This 
statement, which is often taken as the definition of may 

be seen to be in harmony with the previous definition, if the 
foregoing proof is gone through in the reverse direction. 

The number of periods per second or ^ is called the frequency 
of the S.H.M. 

Example. —If the frequency of a S.H.M. is 250 per second and 
the amplitude is 1 millimetre, determine the velocity and the accelera¬ 
tion when the displacement has half its maximum value. 

i> = 250 X 27r X 0*1 =607r cm./sec. In the case in question cos ^ = ^ 
and d = 60*. Hence 

velocity =ti sin 6=50ir sin 00=136 era./sec. 

acceleration = —cos 0=^-^^^cos 60 = l-234xl0» cm./sec.* 

r 0*1 ' 

Parabolic Motion.—Let us suppose, 
that a body starts off from O (Fig. 18) 
with a horizontal velocity v, and that it 
has an acceleration g downwards. This 
is the motion of a stone thrown out 
horizontally from the top of a cliff. The 
horizontal and vertical motions take place 
independently of one another, so if we 
denote distance outwards from the cliff 
by X and downwards by y 

x=vt, and y — ^gt* 

Hence, eliminating f, 

y=-~ aj* 

2i>* 
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This equation is one that is often graphed in schools. It represents 
a parabola with its axis vertical and its vertex in the point of pro¬ 
jection. 

Let us suppose now that when the stone reaches P, its velocity is 
reversed in direction, the magnitude being kept unaltered. It will 
retrace its path, pass through O horizontaUy, and descend the other 

side of the same parabola. The path 
of a body projected at any point 
under gravity is consequently a para¬ 
bola. 

Range and Time of Flight of a 
Projectile.—Let a body be projected 
from the point O (Fig. 19) with a 
velocity u in a direction making an 
angle Q with the horizontal. The 
. horizontal and vertical components oi 

the hl°t*LTveIo'city"is‘^*'^‘'‘^ independently. The vertical component of 

... u sin B 

After time i it is 

V sin 6 —gi 

when^^^*”^*^ projectile has reached its highest point 



0 


Fig. 19. 




V sin B 


The projectile takes as long to descend to the initial level as to ascend 
from It. Hence the whole time of flight is 

2v sin B 

5 

During the whole flight the horizontal component of the velocity has 
Its initial value ^ 

V cos B 

Hence the range on a horizontal plane is given by 

2v sin^ ^ 2u® sin B cos 0 u* sin 2B 

~ S g 


V cos 0 X 


E 


EXAMPLK.—An aeroplane travelling horizontally at 60 miles per 
hour drops a bomb at a gasometer 1000 feet beneath. What angle 

thi bomb iriTfo"?”"’*' g‘>-o"'‘^tcr make with the vertical. 

t sec.=time to fall. 

1000=ix32Z», <=7-907 sec. 

Ilonzontal distance travelled in this time=88 X7-907=605-9 fU 
I..ct 6 be the required angle 

^ ^ 605'9 

tan 0 and 0=34* 60' 
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Examples II 

1. A train starts from rest and is uniformly accelerated during the 
drst ^ minute of its run, runs ^ minute at a constant speed» and is 
then brought to rest in ^ minute, the retardation being uniform. Draw 
the speed time diagram of the motion. If the whole distance traversed 
is mile, find the maximum speed. 

2. A ship making 5 miles per hour in a northerly direction is drifting 
westward with the tide at the rate of 3 miles per hour. What is its 
resultant velocity ? 

8. A train travels at a speed of 8 miles per hour round a hair-pin 
bend consisting of a semicircle connecting two parallel tracks. The 
train is longer than the curved portion of the track. Find the velocity 
of the engine relative to the guard’s van, (i) when the engine has turned 
through 45°, (ii) when it has turned through 90°. 

4. A train moving at 30 ml./hr. is brought to rest in 100 sec., the 
retardation being uniform. Find how far it travels in this time. 
What is the retardation in ft./sec.* ? 

5. A body is thrown vertically upwards with a velocity of 128 
ft./sec. Find the height to which it rises and the time it takes to 
reach the highest point. 

6. A body is moving in a straight line with a velocity of 
15 ft./sec. and an acceleration of 10 ft./sec.® After what time will its 
velocity be tripled, and what space will it describe in this time ? 

7. With what velocity must a body be thrown vertically upwards 
in order that it may rise to a height of 30 ft. ? . ^Vhat time does it 
take to reach this height ? 

8. How far must a body fall to acquire a velocity of 10 ft./sec. ? 

9. A stone is falling with a velocity of 20 ft./sec. How much 
further must it fall for the velocity to increase to 30 ft./sec. ? 

10. A man on a motor cycle dashes into a wall at a speed of 40 
Dol./hr. How far would he have to fall to hit the ground with the 
same speed ? 

11. A train moving with uniform acceleration takes 4 min. to travel 
the first mile. What velocity has it acquired at the end of that time ? 
What is its acceleration in ft./sec.® ? 

12. Two trains are running in the same direction at the speed of 
48 ml./hr., the first train leading by 4 ml. If the second train is brought 
to rest in ^ of a mile, kept at rest for 1 min., and then brought to its 
former speed in 1 mile, find the extra lead gained by the first train. 

13. A cyclist turns a corner at 10 ml./hr. in a curve of 15 ft. radius. 
What is his acceleration towards the centre of curvature ? 

14. Taking the earth’s equatorial radius as 3962 miles and the 
sidereal day, i.e. the time taken by the earth to make a complete 
revolution about its axis, as 86,164 sec., find the acceleration of a 
point on the equator in ft./sec.® 

15. What is the value of the ratio of acceleration to displacement for 
one of the prongs of a tuning fork, which makes 256 complete vibra¬ 
tions per second ? If its range is ^ mm., find its maximum velocity. 

16. A tuning fork makes 512 complete vibrations per second. 
The range of the end of one of the prongs is ^ mm. Find its maximum 
velocity and maximum acceleration. 
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Parallelogram of Forces. —Fig. 20 represents a drawing board 
which is supported vertically by a wooden frame. Round 
wooden pegs are attached to the drawing board at D and E. 
The upper ends of two spiral springs B and C are attached to 

these pegs by means of 
loops of thread, and to 
the lower ends of these 
springs are tied two pieces 
of thread which have each 
a loop at their lower ends 
at A. Both these loops 
are passed over a hook 
which carries a pan for 
holding weights. When 
weights are placed in the 
pan both the springs are 
pulled out. Now at the 
point A three forces meet, 
one due to the weights in 
Fjc. 20 .—Apparatus for proving parallelo' the pan and the weight of 

gram of forces. the pan itself ; this force 

acts vertically downwards 
through A. Ihe other two forces act upwards., one along the 
thread AB and the other along the thread AC. A piece of draw¬ 
ing paper is pinned on the board behind the threads. The 
purpose of the apparatus is to determine the relations between 
these three forces, when tlie threads AB and AC are inclined at 
different angles to one another and to the vertical. The springs, 
threads, and scale pan hang clear of the drawing board.^ 



^ It should be noted that the springs B and C in Fig. 20 cannot be replaced 
by spring balances ; owing to friction the latter do not give satisfactory 
readings when inclined to the vertical. Also it is not satisfactory to dispense 
with springs and pass the threads AB and AC over pulleys, attaching scale 
puns to their other ends, because owing to friction In the pulley the force in 
a thread is never the same on both sides of it. 
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The use of the apparatus will be understood best from the 
description of a particular case. The weight of the pan was 
9'2 gm.; in it was placed a 200-gm. weight, and thus the total 
downward force was 209*2 gm. The springs were originally 
each about 7*85 cm. long. When the weight was placed in the 
pan, they were elongated and their lengths were measured very 
carefully with a centimetre rule. It was found then that the 
length of the left-hand one had become 12*7 cm., and the length 
of the right hand one 11*75 cm. Pencil marks were made on the 
paper behind the two threads so as to get their line, and a thread 
carrying a weight was held up in front of the paper, and pencil 
marks made from it giving the line of the vertical. The scale 
pan was then unhooked from the thread AC, so that it hung on 
the thread AB vertically below D, and weights were placed in it 
until the same extension was produced as was obtained during 
the experiment. The necessary weight, including the pan itself, 
was 129*2 gm. Similarly the weight necessary to produce the 
same extension in the spring CE, as was obtained in the experi¬ 
ment, was found to be 109*2 gm. 

Now a force is completely defined when its magnitude, its 
direction, and the point at which it acts are given. Forces are 
consequently vectors and can be represented by straight lines. 
The paper was unpinned from the drawing board, and the traces 
abf ac of the threads AB and AC drawn. For the sake of clear¬ 
ness db and ac are shown a little out of position in the figure. 
The force along AB was 129-2 gm.; ab was made exactly 129*2 mm. 
long. The force along AC was 109-2 gm. ; ac was made 109-2 mm. 
long. Thus, by taking one millimetre to represent one gram, 
ab and ac represented the forces applied by the springs in magni¬ 
tude, direction, and point of application. 

The parallelogram was then completed and the diagonal ad 
joined. It was found to coincide very nearly with the trace of 
the vertical through a, the difference in the directions of the two 
lines being about half a degree. Its length was measured and 
found to be 208-8 mm. Now the downward force exerted by the 
weights in the pan was 209*2 gm., and 209*2 coincides with 
208*8 within the error of experiment. Thus the diagonal of the 
parallelogram represents the force exerted by the weights and 
pan at A in magnitude and direction. If the experiment is 
repeated with other weights in the pan and with different inclina¬ 
tions of the threads to the vertical, the result is always found to 
be the same ; if the sides of the parallelogram represent the 
forces exerted by the springs, the diagonal represents the force 
exerted by the weights. 

The downward force at A is called the equilibrant of the 
two upward forces because it neutralises them. The line ad does 
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not represent the equilibrant in direction ; it goes the wrong way. 
It represents a single force which produces the same effect as the 
two upward forces, and is called their resultant. We thus 
arrive at the proposition known as the parallelogram of forces. 

If two forces act at a pointy and if lines be drawn from that 
point representing the forces in magnitude and directioUy and a 
parallelogram be constructed on these lirus as sides, then the resultant 
of the two forces will be represented in magnitude and direction by 
the diagonal which passes through the point. 

The forces represented by the sides are called the components 
of the force represented by the diagonal. 

Example. —An upward force of 100 lb. is exerted on a weight by 
means of a rope inclined at 20° to the vertical. Find the vertical 
component of this force. 

Wlien one component is asked for, it is assumed, unless otherwise 
specified, that the other component is at right angles to it. Hence 
the parallelogram is in this case a rectangle, and the result is 

100 cos 20® =93-97 lb. 



Triangle of Forces.—Let AB and AC (Fig. 21) represent 
two forces. Then Al) represents their resultant, and DA their 

Q equilibrant. Now AC and BD are equal 
and parallel, since they are the opposite 
sides of a parallelogram. Hence the force 
represented by AC may be also represented 
by BD in magnitude and direction but not 
in position, and the three forces represented 
by AB, BD, and DA are in equilibrium. 

Thus : 

If three forces represented in magnitude and direction by the 
sides of a triangle taken in order act on a particle, then the forces 
are in equilibrium. 

This proposition is known as the triangle of forces. 

Polygon of Forces.—Let AB, BC, 

CD, and I)E (Fig. 22) represent in 
magnitude and direction four forces 
which act at a point. Tlicn, if we join 
AC, it is obvious by tlie triangle of 
forces that CA is the equilibrant and 
AC the resultant of AB and BC. Simi¬ 
larly, if we join AD, we find that AD 
is the resultant of AC and CD, and if 
we join AE, AE is the resultant of AD 
and DE, that is, it is the resultant of the four forces AB, BC, CD, 
and DE, and EA is their equilibrant. Proceeding in this way we 
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arrive at the proposition known as the polygon of forces, which is 
stated as follows: 

If any number of forces acting on a particle are represented in 
magnitude and direction by the sides of a closed polygon taken in 
ordery then the forces are in equilibrium. If the lines representing 
the forces do not form a closed polygoUy the resultant will be represented 
by the line joining the ends of the first and last-drawn sides of the 
incomplete polygon. 

Example.—F orces of 4, 3, 1, 5, and 6 lb. act on a particle in one 
plane in directions making angles 45°, 90°, 120°, 150°, and 180° with 
a given straight line. Find the resultant in magnitude and direction. 

The polygon may be drawn and the result obtained graphically, 
but it is better to proceed as follows ; Resolve each of the forces into 
two components, one parallel and the other perpendicular to the given 
straight line. The sum of the parallel components is 

4 cos 45° — cos 60°—5 cos 30°—6. 

= —8001 

The sum of the perpendicular components is 

4 sin 45°4-3+ sin 60°+5 sin 30® 

=9194 

Hence the resultant = \/8 001*+9*194* = 1219lb. in a direction making 
an angle of 131° 2.' with the initial line. 

Law of Moments. —Let AB represent a force of F units in 
magnitude, direction, and position. From any point P draw 
PD perpendicular to AB, and let PD=p. Then 
the product Fp is called the moment of the force 
about the point. 

A metre stick was balanced on the sharp edge 
of a wedge-shaped piece of wood, and was found 
to come to rest when the edge was below 50*25 
cm. This was due to the stick not having quite 
the same thickness at both ends ; otherwise it 
would have balanced at the middle. When the 
stick was balanced in this way it was in equi¬ 
librium under the action of two forces— 

(1) Its weight acting vertically downwards. 

(2) The upward force exerted by the wedge. 

When two forces are in equilibrium, they must be equal, and 

act in opposite directions in the same straight line. Hence the 
weight of the stick must act vertically downwards through 
50-25 cm., and the upward force exerted by the wedge must be 
equal to the weight of the stick. 

A loop of thread was tied to a 200-gm. weight and the latter 
hung over the stick at 40*25 cm. Loops of thread were tied to 
another 200-gm. weight, a 100-gm. weight, and a 50-gm. weight 



Fig. 23. 
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and these were in succession one at a time hung on the stick on 
the other side of tlie wedge (Fig* 24). It was found, when the 

wedge was at 50*25, that 
^ in order to produce equi¬ 

librium the second 200-gm. 
Fig. 24. weight had to be placed at 

60*20 cm., the 100-gm. 

weight at 70*15 cm., and the 50-gm. weight at 90*40 cm. 

The moment of the first 200-gm. weight about the edge of 
the wedge was 

200 X(50*25—40*25) =2000 units 


The moments of the other three weights about the same point 
were in succession 

200 X (60*20—50*25) =1990 units 
100 x(70*15—50*25) = 1990 units 
and 50 X (90*40 —50*25) =2007 units 


Now the numbers 2000, 1990, and 2007 agree with one another 
within the limits of experimental error. Hence, when the stick 
is balanced, the moment of the weight suspended from the one 
side is equal to the moment of the weight suspended from the 
other. 

The weight on the right of the wedge tends to make that side 
fall, i.e. it tends to make the stick rotate in the direction of the 
hands of a clock, or in the clockwise direction as it is called. 
The weight on the left of the wedge tends to make the stick turn 
the other way, in the direction opposed to the hands of a clock, 
or in the counter-clockwise direction. The stick does not turn at 
all, when the turning power of the force on each side is the same. 
Thus the mo'inent of a force about a point measures the turning power 
of the force about the point. 

Instead of hanging a weight on the other side the stick may be 
balanced by passing a loop of thread over the hook of a spring 
balance, and supporting it 
in the manner shown (Fig. 

25). In an actual experi¬ 
ment made it was found, 
that when the loop of 
thread was at 28*7 cm., the 
spring balance read 94 gm. 

The spring balance in this 
case obviously exerted a 
clockwise moment of 

94 X (50*25—28*7) =2026 units 



about the edge. This result agrees with the former ones, the 
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greater error in this respect being due to the difficulty of reading 
the spring balance accurately. 

If we have several weights suspended on each side of the 
edge, and one or more spring balances acting on it, we find the 
stick balances when the sum of the moments tending to turn it 
in the clockwise direction is equal to the sum of the moments 
tending to turn it in the counter-clockwise direction. 

We thus, as a result of experiment, arrive at the general law 
known as the law of moments, which may be stated as follows : 

When a body which is free to turn about an axis is in equilibrium^ 
the sum of the moments of the forces tending to turn it in the clockwise 
direction is equal to the sum of the moments tending to turn it in the 
counter-clockwise direction. 

Example. —A metre stick weighing 88 gm. carries a 50-gm. weight 
at 10 cm., a 60 gm. weight at 20 cm., and a 70 gm. weight at 80 cm. 
At what point will it balance ? 

Let it balance at x cm. Assume that the weight of the stick acts 
downwards through its midpoint. Then the clockwise moments are 

88(50—®) and 70(80—®) 

The counter-clockwise moments are 

50(® —10) and 60(®—20) 

On equating 

88(60 —®) 4-70(80 —®) =50(® —10) 4-60(® —20) 

whence 

®=43'66 cm. 

The Lever. —A lever is a rigid bar capable of rotation about 
a point and employed for changing one force into another, which 
is more suitable for the purpose in view. The first force is called 
the power or effort, the second the weight or resistance, and the 
point about which rotation takes place is called the fulcrum. 

Fig. 26 depicts a lever which is being used to roll a large stone 
over. The point C where 
the end of the lever rests on 
the ground is the fulcrum. 

The force P represented as 
applied by the workman at 
right angles to the bar at A 
is the power, and the resist¬ 
ance of the stone represented 
as acting at right angles to 
the bar at B is the weight. 

The distances CA and CB, which we shall denote by a and b are 
called the arms of the lever. ^ ’ 

1 -^* suppose that the stone is poised halfway, that it is 

lifted a certain distance but that the workman is just holding his 
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own, neither gaining nor losing. Then, if the weight of the lever 
itself is disregarded, the moments of the two forces about C are 
equal, that is 

Pa=W6 
W a 

or ^ . 

Now a is many times greater than &, consequently W is many 
times greater than P, and the workman is enabled to apply a 
much greater force at B than if he were to use the direct force of 
his hands. The ratio W/P is called the mechanical advantage 
of the lever. 

P and W are represented as acting perpendicularly to the lever 
in Fig. 26. This is not necessary. The equations hold what¬ 
ever the directions of P and W, provided we regard a and b not 
as the lengths of CA and CB, but as the perpendicular distances 
from C to the lines of action of P and W. 

In the example cited above the weight is between the fulcrum 
and the power. This arrangement is usually referred to as a 
lever of the second class. A lever of the first class is one in 
which the fulcrum is between the power and weight, as, for 
example, in a pair of scissors, which may be regarded as two 
levers crossing one another. An oar when used for splashing is 
another example of a lever of the same kind ; the rowlock is then 
the fulcrum, the jerk exerted by the oarsman the force, and the 
resistance of the water to the blade the weight. But when used 
for rowing it becomes a lever of the second class. A lever of the 
third class is one in which the power is between the weight and 
the fulcrum, as in a pair of tongs or in the treadle of a lathe. In 
this case the mechanical advantage is less than 1, but, as will 
be shown later on, there is a gain in speed. 

The law of moments and the principle of the lever were known to 
Archimedes (287-212 u.c.). It was with reference to the latter that 
he uttered the famous saying. “ Give me where I may stand and I will 
move the world.” Tlic parallelogram of forces was first fully explained 
by Galileo, though special applications of it had been discovered much 
earlier. 

Equilibrium of Parallel Forces.—The law of moments may 
be regarded from a somewhat different standpoint. Let Fig. 27 
represent the same metre stick as was used above. It is now 
balanced at the point C, a w'eight P is hung on at A, and B is 
the point at 50*25 cm. where it balanced before. It is now in 
equilibrium under the action of three forces— 

(1) P acting downwards through A. 


STATICS 31 

(2) The weight of the whole stick itself, which we shall denote 
by Q, acting downwards through B. 

(8) The upward force 
through C exerted by the 
wedge which we shall 
denote by R. 

It is clear that the 
weight of the stick acts 
through B, because the 
stick would balance there 
if the weight P were re¬ 
moved. Also, since the 
stick does not move, the whole downward force must equal the 
upward force, i,e. 

P+Q=R 

This can also be shown experimentally by suspending the stick 
at C in a loop of thread hung from a spring balance, instead of 
resting it on the wedge. If, for example, the stick weighs 95 gm., 
a likely value, and P is 50 gm., it will then be found that the 
balance is pulled out to 95+50, that is, to 145 gm. 

By the law of moments 

PxAC=QxBC 

nr ^ _ Q _ 

BC“AC“BC+AC 

by a well-known algebraical result. 

ButP + Q=R and BC+AC=BA. 

Therefore we have the following symmetrical result, which 
is very easily remembered— 

P Q _ R 
BC “ CA ~ AB 

result will be more evident from Fig. 28, 
which represents the forces of Fig. 27 
themselves, with the metre stick and wedge 
removed. We had a system of three 
parallel forces. We have arrived at the 
result, that for these three forces to be 
in equilibrium the middle one must have 
the opposite direction to the two outside 
ones, and each of the three must be pro¬ 
portional to the perpendicular distance 

between the other two. 

If the direction of the force R is reversed, it gives the resultant, 
not the equilibrant, of the forces P and Q. 


The meaning of this 



Fio. 28. 
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Example.— A weight of 120 lb. is slung from a pole which is carried 
on the shoulders of two men, A and B. The distance between the 
points where the pole presses on their shoulders is 6 ft., and the point 
where the weight is slung is 4 ft. from the point where the pole presses 
on A’s shoulder. Find the weight borne by each, the weight of the 

pole being neglected. . 

Let P and Q be the weights carried by A and B respectively. Then 

by the rule above 

P _Q _ 

2 “4 “ 6 

Thus A carries 40 lb. and B 80 lb. 

Examples 111 

1. A weight of 30 lb. is suspended by two strings inclined to the 
vertical at 30® and 60®. Find the stretching force in each string. 

2. Two forces of 6 and 8 gm. act upon a body in lines which meet 
in a point and are at right angles. Find the magnitude of their 
resultant. 

3. A 100-gm. weight is suspended by a thread. A second thread 
is then tied to the weight, and pulled in a horizontal direction until 
the first thread makes an angle of 45° with the vertical. Find the 
stretching forces in both threads. 

4. The resultant of two forces at right angles is 26 lb., and one of 
the forces is 10 lb. Find the other. 

5. Forces 1, 3, 4, 2, and 7 gm. act on a particle in one plane in 
directions making angles 30°, 60°, 90°, 135°, and 180° respectively with 
a given straight line. Find their resultant in magnitude and direction. 

6. Are three forces in equilibrium when they are represented in 
magnitude, direction, and position by the sides of a triangle taken in 
order ? 

7. Two men, A and B, carry a weight slung from a pole re.sting 
on their shoulders. If the maximum weight A can carry is 120 lb. 
and the maximum weight B can carry is 90 lb., what is the maximum 
load they can carry between them, and where must it be slung on the 
pole 7 The weight of the pole is to be neglected. 

8. The arms of a balance are of slightly unequal length. When a 
body is put in the right-hand pan and the weights in the left-hand 
pan, its weight is found to be iCi ; when the body is placed in the left- 
hand pan and the weights in the right-hand pan, its weight is found 

xo be ix>^. Show that the true weight is 

0. A metre stick weighs 92 0 gm., and balances on a knife-edge at 
the 50-2 cm. mark. A 50-gm. weight is slung on it by a piece of thread 
at the 10 0 cm. mark. Where will the stick riow balance ? 

10. The same metre stick rests on a fulcrum or knife-edge at 10 cm., 

and carries a 50-gm. weight at 60 cm. It is suppoi^^ cm. by 

a loop of thread, which is passed over the hook of a spring balance. 
What is the force exerted by the balance ? 

11. Weights of 7, 5, 3, and 1 lb. are hung at 1, 2, 3, and 4 ft. from 
one end of a rod of length 5 ft. and of negligible weight, the rod being 
hinged at this end. \Vhat force must act upwards at the other end 
to sustain them ? What is the upward force exerted by the binge ? 


CHAPTER IV 


THE LAWS OF MOTION 

In Chap. II we have considered the motion of bodies apart from 
the action of force and in Chap. Ill we have considered problems 
in which forces acted without producing motion. We have now 
to consider how force causes motion. This part of the subject 
is more diflicult than the preceding chapters, and will not be 
understood unless they are very carefully mastered. 

In Chap. Ill we used force without defining it. The easiest 
way of becoming acquainted with what it means is simply to do 
the experiments, or, if this is not possible study the descriptions 
of the experiments recorded in that chapter. In these experiments 
force was measured in grams weight. Grams weight and lbs. 
weiglit or their multiples are the most natural units to take and 
are called the gravitational units of force. The ton weight 
is much used by engineers. But, as will be explained later, the 
gravitational units have the disadvantage that their values vary 
slightly over the earth’s surface. 

Momentum. —In physics W'e attach a more precise meaning 
to the w’ord “ momentum ” than in daily life. 

The momeniuin of a body is a ■property xvhich it possesses in 
virtue of its mass and velocitijy and which is measured by the product 
of its mass and its velocity. 

The word will have to be taken more or less on trust at first, 
but it may be noted at present, that the greater the momentum 
of a body the greater is the effort required to stop it. A stcaui 
road roller is difficult to stop on account of its mass and a bullet 
on account of its velocity, and it may be shown by allowing 
weights to fall into the hand from different heights, that the 
violence of the impact increases roughly with the product of mass 
and velocity. 

The mass of a body remains constant. Hence its momentum 
can change only on account of the velocity changing. Now the 
rate of change of velocity is acceleration. Hence for every body 

rate of change of momentum = mass x acceleration. 

Newton’s Laws of Motion. —The whole of dynamics is 
based on the following three laws which were first stated clearly 

as c 
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and accurately by Newton and are Hence called Newton’s laws, 
although they are founded on Galileo’s work. They are not 
capable of direct proof, but they are known to be true, because 
calculations based on them are always in agreement with facts. 

I. Every body continztes in its state of rest or of uniform motion 
in a straight lin€y except in so far as it is compelled by impressed 
forces to change that state. 

II. The rate of change of momentum of a body is proportional 
to the impressed forccy and takes place in the direction in which the 
force acts. 

III. To every action there is an equal and opposite reaction. 
The First Law of Motion. —The first law contains two 

statements. The first of these, namely, that a body at rest 
continues in a state of rest unless it is compelled by a force acting 
on it to change that state, appears self-evident. A book resting 
on the table remains at rest unless it is lifted or pushed. The 
second statement, namely, that a body already in motion continues 
in a state of uniform motion in a straight line, unless it is com¬ 
pelled by impressed forces to change that state, does not appear 
at first sight so evident, because, for example, a curling stone 
sliding over the ice, when once started, does not go on for ever, 
but gradually comes to a stop. A little consideration, how'ever, 
shows that it is the impressed force due to the surface of the ice 
rubbing on it, that brings it to rest. Also the smoother the ice, 
the farther it is possible to make the stone go. Hence we come 
to the conclusion, that if the ice were ideally smooth, that if 
there were no rubbing at all between it and the stone, then the 
latter would go on with undiminished velocity until it canie to 
the edge of the pond. 

Various illustration^ may be given of the first law. If a half¬ 
penny is placed on a d&rd which rests on the top of a wine-glass, 
and the card is flicked away smartly with the finger, the half¬ 
penny does not go with it, but remains in a state of rest until the 
card is gone from beneath it, and then drops into the glass with a 
ringing sound. 

When a passenger leaves a tramcar in motion, all his body 
has the same forward motion as the car has. But on touching 
the ground his feet are brought to rest, and, unless he runs for¬ 
ward or leans back, he will fall. When a passenger is standing 
in a tramcar, and the brakes are applied suddenly, the floor of 
the car and the passenger’s feet are brought to rest, but the 
upper part of his body continues in its state of uniform motion, 
and he is consequently thrown forward in the direction of the 
motion. 

Again, when a circus rider jumps through a hoop and alights 
on the same place on the horse’s back, he requires only to jump 
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up, not forwards. He remains in the same state of forward 
motion in the air as when on the horse’s back. So when he 
descends again, the horse is still beneath him. 

The Second Law of Motion. —Let a force of F units act on 
a body of mass m and produce an acceleration a. Then the rate 
of change of momentum is ma, and the second law of motion 
states that 

Y=kirux 

where /c is a constant of proportionality. 

Hitherto we have measured force in grams weight or lb. 
weight, the gravitational units of force. We shall now define 
two other units called absolute units Of force, which are chosen 
so as to make F not merely proportional to, but equal to, mc/L. 

The dyne is that force which acting upon a mass of one gram 
produces an acceleration of one centimetre per second per second in 
the direction in which it acts. 

The poundal is that force which acting upon a mass of one 
poxmd produces an acceleration of one foot per second per second in 
the direction in which it acts. 

Now the weight of one gram acting on one gram produces a 
downward acceleration equal to g or 981 cm./sec. 2 , i.e. a value of 
m<x=981. The gram weight is therefore equal to 981 dynes. 
The weight of one lb. acting on one lb. produces a downward 
acceleration of 32*2 ft./sec .2 Hence the lb. weight is equal to 
82*2 poundals. 

When absolute units are used, the secgnd law of motion takes 
the simple form 

F = /27a 

It is better always to use the law in this form, and, if the force 
happens to be given in gravitational units, to change it into absolute 
units before inserting it in the formula. 

It is implied in the second law, that a given force produces 
the same change of momentum in unit time, whether the body 
is at rest or in motion when the force begins to act, also that, if 
several forces are acting simultaneously on the body, each pro¬ 
duces the same change of momentum as would be produced, if 
it acted alone. 

Example. —A force of 10 dynes acts on a mass of 5 gm. for 4 see. 
Initially the mass is at rest. Calculate the acceleration and the velocity 
produced. 

1*0—5a, hence a=2 cm./sec.* 

The velocity produced is 2 >"4 =-8 cm./sec. 

Example.— A force of 4 lb. weight acts on a mass of 8 b. Find 
the acceleration produced. 

4 lb. wt.=4 x82 pdl., taking the approximate value of g. 

Hence 4x82^8a and a = 16 ft./sec.* 


36 


DYNAMICS AND PROPERTIES OF MATTER 


Example.—E xpress a force of 1 lb. wt. in dynes. 

1 lb. =453-6 gm. =453-0 X 981 dynes =4-45 X 10® dynes. 

Mass and Weight.—The mass of a body is the quantity of 
matter in it. It is always the same no matter where the body is 
situated. The weight of a body is the force with which the 
body is attracted downwards by the earth. 

Let us suppose that we Iiave two bodies of masses and 
at the same place. Then since they fall with the same accelera¬ 
tion g, their weights are tn-^g and m.yg. Consequently their weights 
are proportional to their masses. 

If a body is carried over the earth’s surface, its weight varies 
slightly from place to place, being least at the equator and greatest 
at the poles. If we took a spring balance reading to 250 gm, and 
hung an object weighing 200 gm. on it, the spring would not be 
pulled out to the same extent at different places. If the reading 
on the scale were 200 gm. at London, it would be gm. less than 
this at the equator and 777 gm. greater than this at the poles. 
Such differences would not be perceptible on an ordinary spring 
balance—the Salter’s letter balance for O to 250 gm. is only 
divided for every 5 gm., and reads to about 1 gm. Hence the 
gravitational units are used for practical purposes, as their use 
often avoids multiplication by g and simplifies calculation ; thus 
engineers are accustomed to measure forces in tons weight and 
kilograms weight. But for scientific work it is extremely im¬ 
portant that the unit should be constant, and hence in scientific 
work the dyne is always used as the unit of force. The poundal 
and its multiples, one of which, e.g. the tondal, has a special name, 
are used only in text-books and in cxp,mination questions. 

It should be noted, that if an object were weighed in an 
ordinary balance against a 200 -gm. brass weight, the result 
would be the same both at the equator and the poles. For 
bodies which have equal weights at one place have equal weights 
at any other place. But the force with which tlic earth attracts 
both the object and the brass weight is less at the equator than 
at the poles. The weight of a pound of matter is therefore 
not a definite standard of force, but the pound of matter itself is 
a perfectly definite standard of mass. 

The distinction between the words “ mass *’ and “ weight ” 
is not carefully adhered to, and the word “ weight ” is often used 
when the word “ mass ” is meant. 

The Third Law of Motion. —The third law of motion states 
that forces always occur in pairs, each pair consisting of two 
equal and opposite forces. If the hand presses down on the 
table, the table presses up on the hand with an equal and opposite 
force. If a weight is hung on the end of a spring, it pulls the 
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end down, and the spring pulls it up with an equal and opposite 
force. If a magnet attracts a piece of iron, the iron at the same 
time attracts the magnet with an equal and opposite force. 
Cach of the pairs of forces is said to constitute a stress. A force 
is simply one aspect of a stress ; a force in one direction cannot 
exist by itself. 

No difficulty is experienced in accepting the truth of the law 
in the case of objects which do not move, as, for example, the 
hand pressed on the table. But in the case of, for example, a 
horse pulling a canal boat by means of a tow rope, it is sometimes 
argued by beginners, that the forward force exerted by the 
horse along the rope on the boat must be greater than the back¬ 
ward force exerted by the boat along the rope on the horse, 
otherwise the boat would not move forward at all. This is quite 
wrong. The two forces in the rope are exerted on different things, 
one on the boat and the other on the horse, and they are exactly 
equal. Only if they were both exerted on the same thing, would 
the one neutralise the other. 

Conservation of Momentum. —Let us suppose that two 
bodies strike one another and rebound. Then they are in con¬ 
tact for a very short interval of time during which the first exerts 
a force on the second, and the second exerts a force on the first. 
By the third law of motion these forces are equal and in opposite 
directions. By the second law of motion tliey each produce 
equal changes of momentum in opposite directions. Hence the 
total momentum of the two bodies is unaltered by the collision. 
The result holds true if the bodies act on each other without 
touching, and if there are more than two bodies. Thus we arrive 
at the principle of the conservation of momentum which is 
stated as follows : 

The total momentum in any direction of a system of bodies zuhich 
act and react on each other is constant^ and is not affected by the 
actions between the "parts. 

Kxample.— The mass of a gun is 2 tons and that of the shot 14 lb. 
The shot leaves the gun with a velocity of 3000 ft./sec. What is the 
initial velocity of the recoil ? 

Let V be the initial velocity of the gun. Then, as a consequence 
of Newton’s third law, after the explosion the backward momentum 
of the gun is equal to the forward momentum of the shot. Thus 

2 X 2240u =14 X 3000 

14x3000 

or v= 2 X 2240 ft./sec. 

Body on Inclined Plane.—Let us suppose that a body of 
mass m is placed on a smooth plane inclined at an angle $ to the 
horizontal. Let its weight mg acting downwards be represented 
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by BE. Draw EC at right angles to AB and complete the 
rectangle ECBD ; / CEB = ^. Then the weight mg may be 

resolved into two components, one 
mg cos 6 represented by BD acting at 
right angles to the plane and the other 
mg sin 6 represented by BC acting down 
the plane. 

The first of these is neutralised by 
the upward reaction or normal force 
exerted by the plane. The magnitude 
of the latter is consequently mg cos d* 
The second causes the 
body to move down the plane with an acceleration 
g sin 6. The smaller the inclination of the plane, 
the smaller sin By and the smaller the acceleration. 

If the body were kept in equilibrium by attaching 
a string to it and applying an upward force to it 
parallel to the surface of the plane, then the magni¬ 
tude of this force would be mg sin 0. 

The Simple Pendulum. —If a body is suspended, 
so that it is free to oscillate about a horizontal axis, 
it is called a pendulum or more correctly a com¬ 
pound pendulum, whatever its form, and Fig. 30 
represents one of a type used in clocks. All pen¬ 
dulums have the property, that the period is always 
the same provided that the arc of swing is small, 
not more than 2® or 3®. 

The simple pendulum consists of a “ heavy 
particle attached to one end of an inextensible, 
perfectly flexible, weightless thread,*’ the other end 
of which is fixed. This description is realised with 
sufficient accuracy by a small lead sphere suspended 
by a thin thread. The distance between the point 
of support and the centre of the lead sphere is 
called the length of the pendulum, and will be 
denoted by 1. Let m be the mass of the bob of 
the pendulum. 

When the pendulum is at rest, the weight of 
the bob acting vertically downwards is balanced by 
the stretching force in the string acting vertically 
upwards. But suppose the pendulum is in the ^ 
position shown in Fig. 81, making with the 

vertical. Then the weight mg, acting vertically 
downwards and represented by BE, can be resolved 

into two components, one mg cos 6 represented by 30 ._pen- 

BD, and the other mg sin 6 represented by BC. dulum. 
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The first of these components is neutralised by the stretching 
force in the string. The second, acting on the mass m of the 
bob, gives it an acceleration g sin Q in the direction 
BA. 

Now, if 6 is small, we may write sin 0=0, and 
we may regard the arc AB as straight and =^0. 

The bob of the pendulum is therefore moving in 
a straight line towards A, and its acceleration 
divided by its displacement is equal to g0/(i0), or 
g/Z, i.e. the ratio is constant. The motion is con¬ 
sequently a and the period according to 

the equation on p. 21 is given by 

Acceleration g 4^* 

_ 


or 


Displacement 


X2 

T 

g 



It is thus independent both of the arc of swing, provided the 
latter is small, and of the mass of the bob. This formula forms 
our most accurate means of determining g. 

Half the period is sometimes referred to as the time of vibra¬ 
tion of the pendulum. The seconds pendulum is that one which 
has the time of vibration equal to one second. We have for its 
length 

7 = ^ 

47r2 

If we substitute for g the value for London, namely 981T9 
cm./sec.2, this gives 

, 981-19x22 

7 =--— -=0941 cm, 

47r2 

that is, it is just a little short of the metre. 


The fact that the period of the pendulum remains constant as the 
amplitude diminishes in extent, or the law of the isochronism of the 
pendulum, as it is called, was discovered by Galileo in 1582, when he 
was a medical student at Pisa. One day in the cathedral his attention 
was caught by a great lamp hanging by a chain, which the verger had 
left swinging to and fro after lighting it. He timed the oscillations by 
his pulse, the only watch he possessed. He noticed that the time of 
swing remained constant, as nearly as he could tell, in spite of the fact 
that the swings were getting smaller and smaller. Afterwards he 
verified the law by more accurate experiments. 


Example. —A pendulum, which beats seconds at a place where g 
is 82*20 ft./sec.* is taken to a place where g is^2*28 ft./sec.* How 
many seconds does it gain or lose in a day ? 
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Let T be the original period of the pendulum and the new period. 
A pendulum which “ beats seconds ** is one which has a period of 2 sec.^ 
but this fact is not required. 

32 . 20 * 

Hence T,=T. =’t( 1 — _g—V 

‘ X/ 32-28 V 3228/ 

Now when a is very small, \/(l—a)=l— 

Hence 

Since Ti <;T, the pendulum will go too fast. Let n=s= number of seconds 
gained per day. The number of seconds in a day is 86,400. 

86,400T =(86,400 -|-n)T, 

86,400 =(86,400+n)(l - 
86,400 X4 

or n— 3228 =108 

since the other term is too small to be taken into account. 


Centrifugal Force. —It has been shown (p. 19), that when 
a particle is moving in a circle of radius r with velocity i;, it has 
an acceleration towards the centre of the circle equal to i> 2 /r. 
To produce this acceleration a force is required towards the centre 
of the circle, given by 



mv* 

r 


This force overcomes the inertia of the particle which would 
otherwise cause it to move in a straight path. If a stone is 
swung round at the end of a string, we feel it tugging at the 
string, and if the string breaks or is let go, the stone flies off at 
a tangent. 

If we consider any point in the string, by Newton’s third law 
there are two forces acting through it, the force exerted by the 
hand on the stone and the force exerted by the stone on the hand. 
Tlie latter is called the centrifugal force. It is, of course, given 
by the expression for F above. 

Centrifugal Force on Vehicles.—Fig. 32a represents a cyclist 
turning a corner. It is necessary for him to lean to the inside 
of the curve in order to get round. If we regard him and the 
cycle as forming one body, they are acted on by a resultant 
force equal to mv^jr in the direction shown through their centre 
of gravity—this point will be defined later. Their W'eight* 7 ng 
acts downwards. The only other force acting on them is the 
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reaction of the ground. This acts through the track of the wheels 
on the ground and through the centre of gravity of man and 
cycle, and hence must be parallel to the frame of the cycle. 

Consequently if we draw the triangle of forces (Fig. 326), where 
AC represents the resultant and AB the weight, the other com¬ 
ponent which represents the reaction must be parallel to the 



Fio. 82a. Fig. 326. 

Illustrating centrifugal force. 

frame of the cycle. Let 6 be the angle which the latter makes 
with the vertical. Then 


tan d = 


AC 

AB 



Thus the greater the speed and the sharper the curve, the further 
must the cyclist lean over. But if he leans over beyond a certain 
angle, a side slip takes place. 

When a motor car takes a curve on a racing track or an engine 
goes round a curve on a railway, the reaction of the ground makes 
an angle 6 with the vertical which is given by the same formula. 
In order to prevent side slip the racing 
track is banked as shown in Fig. 33, and 
in order to prevent lateral pressure on the 
outside rail in the case of the railway, 
its level is raised above the level of the 
inside one. This adjustment can be 
made only for one particular speed. 

Example.—A locomotive has a speed of 
80 miles per hour when going round a curve oo 

of radius of curvature one-fifth of a mile. 33.—Car on banked 

The distance between the rails being four racing rack. 

feet, find the difference of level of the rails, so that the engine wheels 
may nave no outward pressure on the outside rail. 



30 miles per hour =44 ft./sec. 
V * 44*x5 11 

“ 82 X 6280 “ =tan 0 


c 
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If we assume that 4 feet is the distance between the rails measured 
horizontally, the difference in level is 

48 tan 0=48x^*5^=2J inches. 

Elastic Impact.—If a man allows an ivory ball to fall upon a marble 
floor, it rebounds to a considerable height. If the same ball is allowed 
to fall upon a wooden floor, it rebounds through a smaller distance. 
If instead of the ivory ball a lead ball is dropped upon the same floors 
from the same height, the distances through which it rebounds are 
much smaller than in the former cases. The velocities before and 
after in^pact can be calculated from the distance fallen and the height 
to which the ball rebounds, and as a result of experiment Newton 
established a general law of which the following is a particular case ; 

The \ielocity after iynpact bears a constant ratio to the velocity before 
impact. 

Tliis ratio depends on the material of the ball and the floor, and is 
independent of tlie mass of the ball. It is referred to as the Coefllcient 
of Elastic Restitution and is usually denoted by e. The value of e 
has widely different values for different materials ; in the ideal cases 
for which it is zero and unity, the impact is said to be inelastic and 
perfectly elastic respectively. 

Let us suppose (Fig. 34) that, a sphere 
is incident on a fixed plane with velocity u 
in a direction making angle q> with the 
normal to the surface at the point of inci¬ 
dence, and that it has no spin or motion of 
rotation. After impact let the velocity be 
u in a direction making angle 6 with the 
normal. It is in the same plane as the 
normal and the incident velocity. Resolve 
the incident velocity into components u sin ip 
Fio. 34.—Elastic impact. and u cos q> parallel and perpendicular 

to the plane respectively. The parallel 
component is unaltered by the impact, no force acting on the sphere 
in this direction. Hence 



V sin B=u sin tp 

The perpendicular component is altered according to Newton’s law. 
Hence 

u cos 0 =eu cos <p 
On dividing the second equation by the first 

t> cos 6 eu cos q > 

V sin 0 u sin <p 

whence cot 0=€ cot <p 

If the impact is perfectly elastic, cot 0 = cot <p, and the angle of reflection 
is equal to the angle of incidence. This result is of importance for the 
kinetic theory of gases, and it was used in the corpuscular theory of 
light. 

Let m be the mass of the sphere. It suffers no change of momentum 
parallel to the plane. Before impact it had a momentum mu cos <p 
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downwards and after impact a momentum mv cos <p upwards. As a 
consequence of the impact it suffers a change of momentum 
m(M cos cos 0). If a succession of similar spheres were incident 
with the same velocity at the same point in the same direction at the 
rate of n per second, they %vould experience a rate of change of 
momentum in an upward direction equal to 

nm(u cos g>+v cos 0) 

Consequently the plane exerts an upward force on them of this magni¬ 
tude, and by Newton’s law of the equality of action and reaction they 
exert an equal downward force on the plane. 


Examples IV 

1. A force of 500 dynes acting on a certain mass for one second gives 
it a velocity of 20 cm./sec. Find the mass in grams. 

2. A force of 80 pdl. acts on a mass of 20 lb. for 2 sec. F’ind the 
velocity generated. 

3. Change a force of 1 ton weight into dynes. 

4. A force of 6 lb. wt. acts on a mass of 20 lb. for 1 sec. Find the 
velocity generated. 

5. A body is moving in a straight line with a velocity of 10 cm./sec. 
In 3 sec. the velocity increases to 19 cm./sec., and the motion is 
uniformly accelerated. Find the force acting on the body, (i) in dynes, 
(ii) in gm, wt., given that the mass of the body is 4 grams. 

6. A force of 8 lb. wt. acting on a certain mass for 3 sec. gives it a 
velocity of 6 ft./sec. Find the mass in lbs. 

7. What horizontal force in tons wt. is required to stop a train of 
200 tons mass running at 30 ml,/hr., (i) in one minute, (ii) in 400 yards ? 

8. The last waggon on a train weighs togethei' with its load 10 tons 
and is being accelerated at the rate of 3 ft./sec.® What is the force in 
the coupling in tons wt. ? Frictional resistances are to be neglected. 

9. A man weighing 12 stone stands on a hoist, which has a constant 
acceleration of 4 ft./sec.* Find the force on the hoist due to his weight, 
(i) when it is ascending, (ii) when it is descending ? 

10. A cage of mass one ton is lowered down a pit with an accelera¬ 
tion of 10 ft./see.* What is the stretching force in the rope ? A mass 
of 8 lb. lies on the bottom of the cage. With what force does it press 
on the latter ? 

11. The mass of a gun together with its carriage is 7 tons. It 
fires a 100-lb. shot with a velocity of 1000 ft./sec. What is the velocity 
of recoil of the gun ? 

12. Two bodies initially at rest attract each other with a force of 
djme. If the masses are 10 and 50 gm. respectively, find the 

velocities acquired in 1 sec. 

13. A pendulum which beats seconds at a place where g is 981-4 
cm./sec.* is taken to a place where g is 081 O cm./sec.* How many 
seconds does it gain or lose in a day ? 

14. The thread of a simple pendulum is shortened by 1 inch and 
the period diminishes by ^ of its value. What was the original value 
of the length ? 
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15. If a simple pendulum which is intended to beat seconds, loses 
20 minutes per week, by what percentage of its own length should it 
be shortened ? 

16. A stone weighing 1 lb. is swung round in a horizontal circle at 
the end of a string 1 yard long, making a complete revolution every 
f second. What is the stretching force in the string ? 

17. An iron ball falls on an iron plate from a height of two metres. 
How high does it rebound, given that the coef&cient of elastic 
restitution is about 0*66 for iron on iron ? 


CHAPTER V 


FRICTION AND CENTRES OF GRAVITY 

Friction. —It has been explained on p. 38 that when a body is 
placed on a smooth plane inclined at an angle 6 to the horizontal, 
it moves down the plane with an acceleration g sin 6. If, however, 
we take a W'ooden board, place a small block of wood on it and tilt 
it, we find that for small values of 6 the block does not move at 
all. This is because the wooden board has a certain amount of 
roughness. The perfectly smooth plane 
is an ideal not realised in practice. If 
the mass m is placed on any actual plane, 
a force F called the force of friction acts 
up the plane in the direction CB (Fig. 

85) and keeps it at rest, just as much 
friction being called into action as pre¬ 
vents motion. Consequently F =mg sin 6, 
and as d increases, B' increases. When, 
however, 6 reaches a certain limiting 
value, a, which is called the limiting angle of friction, the com¬ 
ponent of gravity down the plane overcomes the resistance of 
friction, and the body begins to slide. The limiting angle 
depends on the substances in contact ; for an oak block upon an 
oak plank it is about 23® when the fibres are parallel, and 16® 
when they are cross. The resistance of friction always acts 
tangentially to the surfaces of contact. 

In the same way, if a block of 
wood of mass m is placed on a hori¬ 
zontal plane, and a string attached 
to it and passed over a pulley, so as 
to carry a scale pan (B'ig. 36), and 
if weights are placed in the pan, it 
will be found that at first the body 
does not move. Only when the 
weights in the pan together with the 
weight of the pan itself reach a certain critical value, which w'e 
shall call P, is the resistance of friction overcome and the body 
begins to move. 




Fio. 85. 
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Laws of Friction, —Friction obeys the following laws : 

(i) It always opposes motion. 

(ii) It depends on the nature of the surfaces in coniact^ but is 
independent of the extent of the areas in contact^ as lo7ig as the 
reaction or total pressure between the two surfaces is the same. 

(iii) The maximum friction between two surfaces is proportional 

to the total pressure betiveen them. 

These laws are the result of experiment. If a wooden block 
and a piece of metal of exactly the same weight and with the 
same extent of rubbing surface are placed on the inclined plane 
in succession, and the angle with the horizontal is gradually 
increased, it is found that sliding begins at different angles, 
showing that the maximum resistance exerted by friction in 
each case is not the same. Also if the surfaces in contact are 
oily or greasy, friction is diminished and sliding starts at a smaller 
angle. It is because oil diminishes friction that it is used in 
machinery and between axles and their bearings. 

If the area in contact in the arrangement represented in 
Fig. 36 is halved, say by sawing the block in two, sliding will 
start when P has only half the value previously necessary. If, 
however, the block is loaded by placing weights on it until the 
force pressing it down on the horizontal plane is the same as 
before, it is found that sliding starts when P has its original 
limiting value. 

Coefneient of Friction. —If the weights which the block 
carries are altered, it is found that sliding always starts when 
Pj{7ng) has a constant value. This value, the coefficient of 
friction or more strictly the coefficient of static friction between 
the two surfaces in question, is the maximum resistance offered 
to relative motion divided by the force pressing the surfaces 
together. It is usually denoted by p. It can be measured 
experimentally by the two methods depicted in Figs. 35 and 36. 
When the block in Fig. 35 is on the point of sliding, the resistance 
of friction to motion is mg sin a. The normal force is mg cos a. 
Hence 

mg sin a 

^-=tan a 

mg cos a 

or the coefficient of friction is simply the tangent of the angle at 
which sliding begins. In the arrangement of Fig. 36, when mg 
is the total weight of the block and weights it carries, and P the 
combined weight of scale pan and weights on it just sufficient to 
start motion 

P 
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Kinetic Friction. —When the two surfaces are moving 
relatively to one another, the resistance of friction is much less 
than when motion is on the point of starting, even though the 
normal force is the same in both cases. The ratio of friction to 
normal force after motion is started is called the coefficient of 
kinetic friction. It can be determined by either of the arrange¬ 
ments shown in Figs. 35 and 36, if the inclined plane in Fig. 35 
is continually tapped as its inclination is increased, or if the 
horizontal plane in Fig. 36 is continually tapped as the weights 
are added to the pan. The coefficient of kinetic friction is the 
limiting value of tan 6 or of Pf{mg) sufficient to keep up motion 
after it is started. The tapping starts the motion. 

Inclined Plane with Friction. —Let us suppose that a body 
of mass m is placed upon a plane inclined at angle $ to the 
horizontal, and that the coefficient of kinetic friction between 
the body and the plane is /x. Then (Fig. 35) the weight mg of 
the body can be resolved into a component mg sin $ down the plane 
and a force mg cos 6 at right angles to the plane. Let the inclina¬ 
tion be great enough to make the body slide. The resistance due 
to friction is fxmg cos 9 and the resultant force down the plane is 

mg sin 6 —cos 6 
Hence the acceleration is 

g sin 6—fig cos 9=g sin 0—g cos 9 tan a 

sin (9 —a) 

—g -- - 

^ cos a 


If a force F acts on the body parallel to the surface of the 
plane and causes it to move up the plane, the resultant force is 

F —mg sin 9—fimg cos 6 

sin (0+a) 


=F—mg 


cos a 


and the acceleration up the plane is 

F_ sin (g+g ) 
m ^ cos a 


Examf£.£. —A mass of 4 lb. hangs over the edge of a smooth table. 
It is connected by a string, which passes over a pulley at the edge of 
the table, to a mass of 6 lb. laid on the table. Find the space described 
and the velocity acquired in a quarter of a second from rest. 




a 


F 

m 


4 x32 
6+4 


64 

= ft./nec.* 


V = V X i ft./sec. 

« = *xVx(i)* = | ft. 
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Rolling Friction. —The chief cause of sliding friction is the 
interlocking of minute projections on the two surfaces. When a 
wheel or any round solid rolls upon a plane surface, sliding friction 
is done away with. There is, however, a resistance produced at 
the point of contact called rolling friction which is very much 
less than in the case of sliding friction for the same pressure 
between the bodies. Rolling friction is due to the wheel being 
— slightly flattened at the point of contact and 

to the surface being rolled up into a little 
( \ ridge in front of the wheel as shown in Fig. 

( 1 —^ 37. It is, of course, owing to rolling friction 

V J being less than sliding friction, that wheeled 

carriages are used on the roads instead of 
Fig. 37. sledges, and that ball bearings are used in 

bicycles and elsewhere. 

Centre of Gravity. —Let us consider a rigid body, that is 
one the parts of which cannot be displaced relatively to one 
another. We can conceive of it as divided up into a great number 
of particles of w'eights t 4 >i, tt> 2 » etc. These weights constitute 
a system of parallel forces acting vertically downwards. 

Let A, B, and C (Fig. 38) be three of the particles of weights 

rt> 2 , and respectively. Then by the theorem of p. 31 the 
parallel forces wj, iV 2 , have a resultant equal to rcJiH-u ’2 acting 
through a point D which divides AB inversely in the ratio of 
to UJ 2 - matter how the body is turned, the resultant of 

Tt?! and XV 2 always passes through D. This point is called the 
centre of gravity of the two particles A and B. The resultant 
of ivx and it ’2 would be produced by the two particles collected 
at their centre of gravity D. Combine this resultant with the 
weight of the third particle at C. We then obtain a force 

acting at some point E in DC, which divides DC 
inversely in the ratio of to u’ 3 . The 

weights of the three particles may now be sup¬ 
posed collected at E. By proceeding in this 
way we can show that the weights of the different 
particles, into which the body can be divided, 
all combine into one force equal in magnitude 
to their sum, which passes through a single 
fixed point in the body. This point is called 38. 

the centre of gravity of the whole body. 

The centre of gravity of a body is a point fixed relatively to the 
body through which the resultant action of gravity on the body aheays 
passes^ no matter hozo it is turned. 

Particular Cases. —(l) The centre of gravity of a rod which 
has the same breadth, thickness, and density throughout is 
obviously at the middle point. For if it is divided into particleSi 



FRICTION AND CENTRES OF GRAVITY 


49 


to every particle on one side of the middle point there corresponds 
an equally heavy particle on the other side at the same distance 
from the middle. 

(2) If we have a rectangular lamina or thin rectangular plate 
ABCD of uniform thickness and density (Fig. 39), it can be 
divided into rods parallel to the ends. Let MN be such a rod. 
Then the centre of gravity of MN is at its middle point P, which 
is on the straight line FH drawn from F, 
the middle point of AD, to H, the middle A 
point of BC. Similarly the centres of 
gravity of all the other rods are on the p 
same straight line. We can suppose each 
rod concentrated at its middle point, and 
thus suppose the rectangle replaced by a O N C 

line FH uniformly loaded with matter Fio. 39. 

from end to end. And the centre of 
gravity of such a line is obviously at its middle point G. 

(8) Let ABC be a triangular lamina (Fig. 40), and let D be 
the middle point of BC. Join AD and divide the lamina into 
strips parallel to BC. Let MN be any one of these strips. Then 
each side of MN is bisected by AD ; hence P, the centre of gravity 
of MN, lies on the median AD. Similarly the centres of gravity 
of all the other strips lie on AD. It follows that the centre of 
gravity of the triangle lies on AD. 

Similarly, if E is the middle point of AC (Fig. 41), the centre 




Fio. 40. Fig. 41. 


of gravity of the triangle lies on BE. Hence it must be G, the 
point where AD and BE meet. 

Join GC. Then since they are on equal bases A ABD = A ADC. 
Similarly AGBD = AGDC. Hence by subtraction AABG = 
AAGC. Similarly it may be shown that AABG = ABGC. Hence, 
since the three triangles are equal, each is equal to one-third of 
AABC, that is, AABG = f AABD or AG = §AD. We thus arrive 
at the result, that the centre of gravity of a triangular lamina is 
situated on any one of the three medians at a distance of § of its 
length from the corner of the triangle. We have also incidentally 
proved that the medians of a triangle are concurrent. 
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If the triangle is replaced by three equal particles situated at 
its corners, the centre of gravity of the system is still at the same 
point. For the particles at B and C can be supposed collected 
at D, the point midway between them. Then, since the weight 
of the particle at D is twice that of the particle at A, their centre 
of gravity must divide DA in the ratio of 1 to 2. 

(4) The centre of gravity of a circular lamina is obviously at 
its centre. Also the centres of gravity of a solid homogeneous 
sphere and solid cube are obviously at their centres. 

The centre of gravity of a tetrahedron is on the line joining 
a vertex to the centre of gravity of the opposite face at a point 
distant | of the length of this line from the vertex. 

A For let the tetrahedron ABCD (Fig. 42) 

be divided into laminae parallel to the base. 
Then obviously the centre of gravity of each 
lamina lies in the point where it is inter¬ 
sected by the line joining the vertex to the 
centre of gravity of the base. Consequently 
' the centre of gravity of the whole tetra¬ 
hedron lies on this line. Let CX=XD, and 
let H be the centre of gravity of A^CD. 
Then the centre of gravity of the tetra¬ 
hedron lies on AH. Similarly if K is the 
centre of gravity of AACD, the centre of 
gravity of the tetrahedron lies on BK. Consequently it is at 
G, the point of intersection of AH and BK. 

Join HK. Now BI1=2HX and AK=2KX; hence HK is 
parallel to AB. Then by similar triangles 

AG : GII=AB : HK 
=AX:KX 
= 3 : 1 

It follows that the centre of gravity of a pyramid or cone is 
on the line joining the vertex to the centre of ^ 

gravity of tlie base at a point distant J of the 
length of this line from the vertex. 

For if we consider the case of the right 
circular cone shown in Fig. 43, it is clear, by 
dividing it up into circular laminje parallel to 
the base, that its centre of gravity lies on 
the line AO joining the vertex to the centre 
of gravity of the base- Also by dividing it 
up into tetrahedra such as MA it is clear 
that the centre of gravity of each tetrahedron 
lies on the plane HK drawn parallel to the 
base and cutting AB and AC in the ratio 8:1. Hence the centre 
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of gravity of the whole cone is at G, the intersection of AO with 
this plane. 

Since a triangle or other plane figure is infinitely thin, it has 
no weight and consequently in strictness no centre of gravity. 
It is, however, customary to speak of the centres of gravity of 
areas and lines, the area being identified in thought with a uniform 
plate and the line with a uniform wire. 


Examplb. —A circular hole, 4 inches in diameter, is cut out of a 
circular disc of wood, 10 inches in diameter, close to the edge. Find 
the centre of gravity of the remaining portion. 

By symmetry the centre of gravity of the remainder is on the 
straight line joining the centre of the disc and the centre of the part 
cut out. I..et it be a distance x from the centre of the disc, on the side 
opposite to the part cut out. 

The area of the part cut out is 4,tt and of the remainder 21 ir. The 
whole disc may be regarded as composed of the remainder and the 
part cut out ; hence, since the centre of gravity of the whole disc cuts 
the line joining the centres of gravity of its parts inversely as their 
areas 

X 47r 4. , 

3 =^ 


Experimental Determination of Centre of Gravity.- -If a 

body is suspended by a string, it comes to rest with its centre 
of gravity vertically under the point of support. The centre of 
gravity is thus restricted to one line in the body. By suspending 
the body from another point we can restrict the centre of gravity 
to another line. It lies consequently at the intersection of the 
two lines. 

This method can be applied very well to a plate. Holes 


are bored at two of its corners, 
of the holes over a nail, and a 
plumb line is hung on the same 
nail. When the latter comes to 
rest, its line is marked in chalk 
on one face of the plate. The 
plate is then suspended from the 
other hole, and the operation 
repeated. The intersection of 
the two chalk lines gives the 
centre of gravity. 

Centroid. —The definition of 
centre of gravity can be ap¬ 
proached from another stand¬ 
point. 

Let A, B, C (Fig. 44) be three 
situated in a plane at points 


it IS suspended by passing one 



particles of masses mj, m^, 

AE^d {Tst/g. The centre of 
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gravity of A and B divides AB in the ratio mj to 
its coordinates are x* y\ 

m wig 

®g— x' trii 


whence 



tni Xi +W2a?2 

mi 4*^2 


Thus, if 


The centre of gravity of the three particles divides the line joining 
C and x'\/ in the ratio mi +m 2 to m 3 . Let its x coordinate be x. 
Then 

X —Xz mi 4-^2 

x' —X m 3 

This gives after substitution 

-_ mia?! 4-m2j;2 4-m3a?3 

“ mi+m2 4-m3 

By continuing the process we can show that for a great number of 
particles 

22mx 

where the summation is extended over all the particles of the 
system. It is also obvious from the manner of proof, that if the 
particles are not confined to a plane, the equation still holds 
together with two similar equations for y and 5, provided that 
aj, y, and 2 denote the distances of the particles from three co¬ 
ordinate planes which are mutually at right angles to one another. 

In the equations for y, and 2 only the masses and positions 
of the particles occur. No use is made of their weights, and the 
definition would still hold, if the force of gravity were annihilated. 
When defined in this way the point is referred to as the centroid 
or centre of mass of the system. 

Stability.—For a body to stand on a given base it is necessary 
for the vertical through its centre of gravity to fall within the 

base. Thus if we have a table with a heavy 
weight resting on it (Fig. 45), the table 
remains erect, provided the vertical through 
the centre of gravity of table and weight 
meets the floor at a point G within the 
triangle formed by joining the feet of the 
table. If G lies outside this triangle, the 
table topples over. 

A body is said to be in stable equilibrium 
if it returns to its original position when 
it Is slightly disturbed from it. A cube resting on its side or a 
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cone resting on its base is an example of a body in stable 
equilibiium. 

A body is said to be in unstable equilibrium, if, on being 
slightly disturbed from its original position, it tends to move 
further from it. A cone balanced on its point or an egg on its 
end are examples of unstable equilibrium. 

A body is said to be in neutral equilibrium, when after a 
slight displacement it neither returns to its original position nor 
moves further from it. A sphere resting on a horizontal plane 
is an example of neutral equilibrium. 

In stable equilibrium the centre of gravity of the body is in 
its lowest position and any displacement tends to raise it. In 
unstable equilibrium the centre of gravity is in its highest position 
and any slight displacement tends to lower it. In neutral equili¬ 
brium the centre of gravity is neither raised nor lowered by a 
slight displacement. 

If the body is free to roll on a supporting surface or is sus¬ 
pended from a point, the centre of gravity always tends to descend, 
just as it would do if all the weight of the body were collected 
there. 


EIXAMF1.E8 V 

1. A block of wood is placed on an inclined plane, and the inclina¬ 
tion of the latter gradually increased. When it makes an angle of 32® 
with the horizontal, the block begins to slide. What is the coeflicient 
of static friction between it and the plane ? 

2. A body weighing 10 lb. is placed on a plane inclined at 30® to 
the horizontal. The coelhcient of kinetic friction between the body 
and the plane is 0-6. Kind the force (i) acting up the plane, (ii) acting 
down the plane, necessary to give the body an acceleration of 5 ft./sec.* 

3. A body is placed on a plane inclined at 30®‘to the horizontal. 
The coefficient of kinetic friction between the body and the plane is 
0-4. If the body is moving down the plane with a velocity of 100 
cm./sec., what does this velocity increase to in the next 2 sec., and 
how far does the body travel in this time ? 

4. A block of wood, which ■weighs 400 gm., rests on a table. A 
string is attached to it, and passes horizontally to a pulley at the edge 
of the table, carrying a scale pan at its other end. The pan weighs 
50 gm. Weights are gradually added to the pan, and, when the total 
weight in the pan is 182 gm., the block begins to slide. \l'bat is the 
coefficient of static friction between it and the table ? 

5. If in question 4 a weight of (i) 200, (ii) 300 gm. is placed in the 
pan, what is the acceleration of the block on the table ? Take the 
coefficient of kinetic friction between the block and the table as 0*4. 

6. A train running down an incline of 1 vertical to 150 along the 
slope has a velocity of 10 ft./sec. at a certain time. What velocity 
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will it have half a minute later, and how far will it have run in the 
interval ? 

7. A body slides down an incline of 5 vertical to 13 along the-slope, 
the coefficient of friction being 1. After the body has moved a distance 
d from rest, the coefficient of friction changes to Prove that the 
body will come to rest after traversing a further distance 2d. 

8. Weights of 1, 2, and 4 gm. are placed at the corners A, B, and 
C of a triangle. Find the position of their centre of gravity. 

9. A square of side a is divided by its diagonals into four triangles 
and one of these is cut out. Find the position of the centre of gravity 
of the remainder. 

10. A square of side 2a is divided into four squares of side a by 
straight lines through its centre parallel to its sides. One of these 
squares is removed. Find the centre of gravity of the remainder. 

11. A wooden cylinder of radius 4 cm. and density 0-00 gm./c.c. 
has a cylindrical hole of radius 1 cm. bored in it, parallel to its axis. 
The axes of the two cylinders are 2 cm. apart. The cylindrical hole 
is filled with lead of density 11-4 gm./c.c. Find the centre of gravity 
of the whole figure. 


CHAPTER VI 


WORK—MACHINES—ENERGY 

Work.— In physics the word “ work ” has a special meaning 
attached to it. Whenever a force acts upon a body in such a 
way that motion takes place, work is said to be done ; if the 
motion takes place in the direction of the force, the work is done 
by the force, but if, owing to the action of other forces, the motion 
takes place in a direction opposite to that of the force, work is 
done against the force. More precisely : 

If a force F acts on a body and its point of application moves a 
distance s in a direction yjiakhig an angle 6 with the direction o/*F, 
then the force is said to do an amount of ivork "Fs cos d on the body. 

Thus if a body of mass yn is allowed to fall a height h from a 
table to the floor, the force acting on it is yng and the distance 
moved through by the point of application of the force is A, 
consequently the work done by gravity on it is mgh. If the body 
is lifted from the floor to the table, the 
work mgh is done against gravity. 

If a body of mass m is allowed to 
slide a distance s down a smooth plane 
inclined at an angle <p to the horizontal 
(Fig. 46), the distance s being measured 
along the slope, the cosine of the angle 
between the direction of F and Sy i.e. 
cos ABC, is equal to sin <p ; hence the work done by gravity is 
mgs sin tp. 

If the bob of a simple pendulum of mass m and length I is 
allowed to swing from a position B (Fig. 47) making an angle <p 
with the vertical to its lowest position A, and BC be drawn 
perpendicular to OA, the force is mg and the component 
of the displacement in the direction of the force is CA. Now 
CA=OA—OC=/(l —cos q>). Hence the work done by gravity 
is mgl {\—cos q>). 

The product Fs cos d may be regarded either as the product 
of the force and the component of the displacement in the direc¬ 
tion of the force, or as the product of the displacement and the 
component of the force in the direction of the displacement* 

66 




66 


DYNAMICS AND PROPERTIES OP MATTER 



FlO. 47. 


No work is done if the point of application of the force does 
not move» or if it moves only at right angles to the direction of 

the force. An example of the first case is a book 
resting on a table ; it is acted on at its centre of 
gravity by its weight vertically downwards, but 
there is no displacement of the point of application 
of the force. An example of the second case is 
that of the stretching force in the string of a simple 
pendulum. The bob moves always at right angles 
to the direction of the string; cos 0=cos 90® =0, 
and the stretcliing force in the string does no 
work. 

Units.—Just as there are four different kinds 
of units for measuring force, so there are four 
different kinds of units for measuring work. 

The erg is the amount of work done by a force of one dyne acting 
through one centimetre. 

The foot'POundal is the amount of work done by a force of one 
poundal acting through one foot. 

The gram-centimetre is the amount of work done by a force 
of one gram weight acting through one centimetre. 

The ft.-lb. is the amount of work done by a force of one lb. weight 
acting through one foot. 

The first two of these units are absolute units, the erg being 
the unit used for scientific work. The last two are gravitational 
units ; they or their multiples are used by engineers. The erg 
has the disadvantage that it is a very small unit ; to lift a kilo¬ 
gram weight from the floor to a table one metre above the floor 
requires 1000 X 981 X 100 =9 81 X 10^ ergs. Hence for many 
purposes a multiple of it, called the joule and equal to IC^ ergs, 
is used. 


I£xAMr f-E.—A ladder 20 ft. long leans against a vertical wall, and 
is inclined at an angle of 30® to it. How much work measured in ft.-lb., 
docs a mau who weighs 12 stone do against gravity climbing the ladder. 

Height climbed =20 cos 30=i7’32 ft. 

Work done =12 X 14 lb. X 17-32 ft. 

= 2900 ft.-lb. 


Machines.—Any appliance used for performing work can be 
called a machine in physics. The term includes appliances as 
elaborate as the steam locomotive, but here we shall consider 
only some of the simplest, namelj'^ the lever, the screw press, 
the wheel and axle, and systems of pulleys. These and similar 
arrangements were described at length in the older books on 
physics under the name of “ mechanical powers,” 
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The lever has already been described on p. 29, and it was 
shown there that if P was the “ power ” and W the “ resistance,” 
and CA and CB the perpendicular 
distances from the fulcrum to their 
respective lines of action, then 

PxCA=WxCB 

Let us suppose, for example, that 
the lever under discussion is one of 
the second class, arid that it is 
rotated through a small angle about 
the fulcrum (Fig. 48). Then A traces out the arc AA' and B 
traces out the arc BB'. The lengths of the arcs are in the ratio 
of their respective radii, i,€. 

AA' CA 
BB' ~ CB 

If the angle ACA' is small, the arcs may be regarded as elements 
of straight lines. The work done by the power is then P x AA', 
and the work done against the resistance W xBB', But 

AA' CA W 
BB'^CB P 

or PxAA'=WxBB' 

That is, the work done by the power is equal to the work done 
against the resistance, or, in other words, you only get as much 
work out of the lever as you put into it. Although by its means 
a comparatively small power may be enabled to overcome a 
great resistance, yet the displacement of the point of application 
of the power must then be much greater than the displacement of 

the point of application of the resistance. 
Or, as it is popularly expressed, zvhat is 
gained in force is lost in speed. The ratio 
of the weight to the power or effort which 
must be applied to raise it, is known as 
the mechanical advantage of the machine. 

Fig. 49 represents the single movable 
pulley. A hand is shown pulling a cord 
which passes over the fixed pulley N, then 
round the movable pulley M to the hook 
H, to which its end is fastened. The pulley 
M carries a weight W. The pulley is the 
name given to the revolving wheel. The 
pulley and frame in which it is fixed 
together form the block. 

Let P be the force with which the hand is pulling the cord. 
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Then the stretching force is the same throughout the whole 
length of the cord to the hook H. Now consider the equilibrium 
of the block M, neglecting its weight. It is acted on by the weight 
W vertically downwards and by the stretching force P in the 
cord applied vertically upwards on both of its sides. The total 
upward force must balance the downward force. Hence 

W=2P 

Let us suppose now that the weight ia pulled up a distance A. 
Then the hand must move a distance 2ft. The work done by the 
hand is P2ft, and the work done against the weight is Wft. By 
the equation above, these are equal. Hence, although by the 
arrangement it is possible to Kft a weight twice as heavy as could 
be done by direct lifting, yet no more work is obtained from 
the arrangement than is put into it. Indeed, if we take into 
consideration the weight of the block M and the friction in both 
pulleys, we find that VV is less than 2P, and the useful work 
obtained from the arrangement is less than the work put into it. 

The study of other machines leads us to the same result, 
which is known as the principle Of work and can be stated as 
follows : 

In all mechanical devices of any sort whaievety the work accom- 
plisJied by the machine is never greater than the work expended upon iU 

We shall now consider the 
application of the principle to 
the screw press shown in Fig. 
50. When the screw is turned 
through one complete revolu¬ 
tion, its point is lowered through 
a vertical distance d, equal to 
the distance between two ad¬ 
joining threads. This distance 
is called the pitch of the screw; 
let r be the radius of the cross 
arm, and let a force P be applied 
Fio. 50. Screw press. each end at right angles to 

the cross arm. In a complete 
revolution the point of application of each force moves round a 
circle of radius r ; hence the work expended is 

47rrP 

Let F be the force exerted by the point of the screw. Then the 
work accomplished in the same time is 

Fd 

The principle of work states, that if friction is neglected, Fd = 4,7rrF. 
In the screw press, however, much of the work is lost overcoming 
friction, and Fd is considerably less than 47rrP. 
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Efficiency of a Machine. —The efficiency of a machine is 
defined as the ratio of the useful work done to the work expended 
upon it in the sam^ time. The velocity ratio of a machine is 
defined as the ratio of the distance moved by the power to the 
distance moved by the weight in the same time. It can be 
calculated from the dimensions of the machine. 

Let H be the distance moved by the power P, and let h be the 
distance moved by the weight W in the same time. Then 

. Wh mechanical advantage 

Efficiency = pjj =-velocitTT^tiS- 

and owing to work lost in overcoming friction this is in general 
less than 1. If no work is lost, this is equal to 1. Then 

mechanical advantage = velocity ratio. 

Example. —The pitch of the screw in a screw press is 0*5 mm. 
and. the downward force exerted by the point of the screw is 20 kg., 
when horizontal forces of 100 gm. are applied at right angles to the 
cross arm at distances of 20 cm. from its centre. Calculate the efficiency 
of the arrangement. 

In a single revolution the work done is 

20x0-05=1 kg.-cm. 

The work put in is 

0-1 X 4?r X 20 =8?r kg.-cm. 

Hence efficiency = ^ *=0-0308. Much the greater part of the work is 

077 

consequently lost overcoming friction. 

Wheel and Axle.—In this machine two cylinders A and B are 
fitted together so as to turn on the same axis. 

One cylinder B, which has a much larger 
diameter than the other, is called the wheel, 
and the other is called the axle. Ropes are 
wound round the two cylinders in opposite 
directions, so that when the machine is set 
in motion, the end of the one rope ascends 
and the end of the other descends. The 
power is applied to the end of the rope 
coiled round the wheel and the weight to 
the end of the rope coiled round the axle. 

Let a be the radius of the axle and let b 
be the radius of the wheel. Then when 
they have made one complete revolution, 
the end of the one rope has descended a 
distance 27r& and the end of the other has ascended 27ra. Hence by 
the principle of work 

P2Tr6 = W2ffa 

and the mechanical advantage 

W b 



Fio. 51.—Wheel and axle. 
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If instead of two cylinders, we have a horizontal roller with a handle 
attached at one end (Fig. 52), the device is called a windlass, and is 
used for raising water out of wells and sinular purposes. In the 
capstan used on board ship the rope is coiled round a vertical cylinder, 
and the power is applied at the end of spokes. 

Systems of Pulleys.—In the case of the single movable pulley 
represented in Fig. 49 the mechanical advantage is only 2. In the 
systems of pulleys, examples of which are shown in Figs. 53 and 54, 
the mechanical adv’antage can be made much greater than this. 

In Fig. 53 there are two blocks the upper one of which, AB, is fixed, 
while the other one, CD, is movable. Each carries two pulleys, and the 




one string passes round all the pulleys. The weight W is suspended 
from the lower end of the movable block, and the effort P is applied 
to the free end of the string. The lower block is suspended by four 
strings whicli are all practically vertical and the stretching force in 

each of which is P. Hence 

W=4P 

In the general case, if there are n pulleys in each of 
the blocks, 

W=2nP 

P \V'e can take the weight of the lower block and pulleys 
into the calculation by supposing them included in W. 

In Fig. 54 a separate string goes round each 
pulley. The weight \V is hung from the lowest pulley, 
and the power P is applied by a hand at the free end. 
The stretching force in the string passing under pulley 
A is obviously ^W, and we consider this as the weight 
Fig. 54 . suspended from B. The stretching force in the string 

passing under B is consequently iW. Similarly the 
stretching force in the string passing imder C is iW, and this is the 
same as P. Hence 
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w 

p 


= 8 = 2 » 


In the general case when there are n movable pulleys the theoretical 
value of the mechanical advantage is 2". But in this and the preceding 
case the actual value obtained is much less tlian the theoretical value 
owing to friction in the pulleys and want of flexibility of the string. 


Activity.—2 'he rate at which an agent does work is called its 
power or activity. 

Activity is measured in any unit of work per unit of time, in 
ergs per second or foot-lbs. per second. It has, however, three 
special units of its own. James Watt, the inventor of the steam 
engine, introduced a unit called the horse-pOwer (H.P.), which 
is equal to 33,000 ft.-lb. of work per minute or 550 ft.-lb. of work 
per second. His estimate of the horse’s activity was intentionally 
high, as he did not wish to over-advertise his engines ; the average 
horse can work only at about f of this rate, and the average man 
at about \ of this rate. 

The other special units are the watt> named after James 
Watt, which is defined as 1 joule p.er second, and tlie kilowatt, 
which is defined as 1000 watts. The kilowatt is very nearly 


Gxample.— A man whose weight is 10 stone climbs a mountain 
3800 ft. high in 8 hours. Find in H.P. the average rate at which he 
works against gravity. 

Total work done in ft.-lb. =10 x 14 x 3800 


.• 10x14x3800,. „ , 

Activity = 3X60^60 “-Ib./sec. 

10x14x3800 _ 

“ 8 X GO X 00 X 550 


Energy. —The eyiergy of a body is the work that can be obtained 
from it in virtue either of its motion or position. If it is obtained 
in virtue of its motion^ it is termed kinetic energy ; if it is obtained 
in virtue of its position^ it is termed potential energy. Energy^ 
being work, is measured in the same units as work. 

Kinetic Energy. —Let us suppose that a bullet of mass m 
is moving with velocity u in a straight line, that it hits a block 
of wood perpendicularly, and is brought to rest inside it. Let 
us suppose, also, that the wood offers a constant resistance F 
to the motion of the bullet, that this resistance produces a negative 
acceleration a, and that the bullet is brought to rest in a distance 
s. Then the work it does against the wood is Ys. 

Now 


F=ma 
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and, since the negative acceleration a annuls the velocity w in 
distance s, 

v^=2(x.s 

The work obtained from the bullet in consequence of its motion 
is therefore given by 

Fs=m(xs 


=lmv^ 

The same reasoning can be applied to any body of mass m 
moving with velocity v which is brought to rest by a constant 
force F. It can also be extended to include the case when the 
force F is not constant. Hence the kinetic energy of a body 
of mass m moving with velocity v is ^mv^. 

Example.— A bullet travelling at the speed of 400 metres/sec. is 
just able to pierce a beam 16 cm. thick. Its mass is 80 gm. Find the 
resistance of the beam to the bullet in dynes on the assumption that 
it is constant. What velocity would enable the bullet to pierce a 
plank of the same wood 8 cm. thick ? 

Let F dynes be the resistance offered by the wood. 


Then = 

mv* 


F = 


2fi 


80 X 40,000* 

2 X 16 


=4 X 10* dynes 


Let V be the required velocity. Then 


^^cm./3ec. = 173*2 metres/seo. 



Potential Energy.— 
Fig. 55 represents a 
pile driver. A massive 
lump of iron called 
the ram is raised by 
means of a rope and 
pulley several feet 
above the pile which 
is to be driven in. It 
is then let go, and 
falls with increasing 
velocity until it hits 
the pile, and drives it 
a certain distance into 
the ground. 

Let m be the mass 
of the ram and v thC 
velocity with which it 
hits the pile ; let h 
be the height it falls 
before hitting the pile. 
Immediately before 
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hitting the pile it has the kinetic energy which is suddenly 

spent in doing work on the pile. 

Before starting to fall the ram had only potential energy, 
energy due to its position, and this was all converted into kinetic 
energy during the fall. Now v^=2.gh. Hence 

= \m2gh —wgh 

This last expression depends only on the initial position of the 
ram, and expresses its potential energy in that position. 

By similar reasoning it can be shown that any mass m raised 
a distance h above a plane acquires potential energy mgh with 
reference to that plane. 

Potential Energy of a Stretched Spring.—It is a matter 

of common knowledge that potential energy can be stored up in 
springs. Thus, when a watch is wound up, its mainspring is 
bent, and energy is stored up suPTicient to keep the watch going 
for the next day. In the same way in a spring gun it is the 
potential energy of a compressed spring which is converted into 
the kin^ic energy of the bullet. 

The potential energy of a stretched spiral spring is given by 
the formula “ half tension by extension.*’ Suppose that the 
spring is pulled out 2 cm. and that it then exerts a force of 100,000 
dynes. As it is pulled out, its resistance gradually increases from 
zero to this value. We substitute for the tension 100,000 dynes 
and for the extension 2 cm. Then the potential energy is 


I X 100,000 X 2 =100,000 ergs. 

The formula is best proved graphically. Let OA (Fig. 56) 
represent the final extension and AB the final value of the force 
stretching the spring. Then, since 
the force is proportional to the ex¬ 
tension, ab represents the force 
corresponding to the extension Oa. 

If the extension increases to Oa\ 
where aa' is small, and we neglect 
the increase in the force, the work 
done 

Fs=ab xaa'=area of rectangle. 



If we suppose now, that the spring 

is extended from O to A in a series of steps, during each of 
which the force remains constant, the total work done will be 
represented by the sum of the areas of a series of such rectangles, 
and if we make tlie steps infinitely small, this sum will pass over 
into the area of the triangle OAB, just as on p. 12 in the proof 
of the analogous formula for the space described in uniformly 
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accelerated rectilinear motion. The work done in the extension 
is consequently 

OAB=^ABxOA=^ tension X extension. 

The Principle of the Conservation of Energy. —Suppose 

a stone is carried up a cliff h units high. Then the work done on 
it is mgh, and this is equal to its potential energy when placed 
on the edge at the top. Let us suppose now, that it is pushed 
over. When it has fallen a distance a;, its velocity is given by 
t>2=2gir, and its total energy is 

-i-mg(h —a?) =mgx +mg{h — x) 

—mgh 

the value which it had at the top. As it falls the energy is 
gradually changed from potential energy into kinetic, but its 
total amount remains the same. 

This is a particular case of a very general principle, namely 
the principle of the conservation of energy, which may be stated 
as follows ; ^ 

Energy can never be created or destroyed. It may he com¬ 
municated from one body to another^ and may be transformed from 
the potential to the kinetic form^ or into other forms^ but the total 
quantity inside a system not acted on by external forces remains 
always the same. 

The principle appears to be contradicted by the example we 
have chosen, because when the stone strikes the ground at the 
foot of the cliff both its kinetic and potential energy disappear. 
This loss is, however, only apparent. The energy reappears 
again as heat and noise. The stone is slightly warmer as a 
result of the blow than it was before it. The full evidence for 
the truth of the principle cannot be appreciated without a know¬ 
ledge of heat and electricity, but in the meantime it must be clear 
that heat is a form of energy, since it is the heat of the coal in the 
furnace of tlie engine that makes the train go. 

No general proof of the principle is possible, but it has been 
verified in so many cases that it is now our firm belief, that all 
the different manifestations of energy, potential, kinetic, heat, 
energy of chemical constitution, electrical energy, atomic energy, 
are interchangeable, and that energy is a constituent of the 
universe equally important with matter, and, like it, indestruc¬ 
tible. The possibility of perpetual motion machines, machines 
which perform work w'ithout consuming energy and which there 
are attempts to invent even at the present day, is absolutely 
denied by the principle ; the work taken out of a machine must 
always be less than the energy put in, because some work is 
always wasted against friction. 
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Exampi^.—D etermine the velocity of the bob of a 
its lowest point. 

This is an example on the principle of the conser¬ 
vation of energy. Let I be the lengfth of the thread, 
m the mass of the bob, and <p the angle which it 
makes with the vertical at the extremity of a swing. 

Then, as has been shown on p. 65, the work done in 
raising the bob against gravity from A to B is 

mgl{\ —cos 9 ?). 

This is its potential energy at B, when the kinetic 
energy is zero. If now the pendulxim is let go, when 
the bob reaches A its potential energy is converted 
wholly into kinetic energy. Let v be the velocity at A. 

Then 

—cos q>) 

or o*—2g/(l—cos 95)=4glsin*^ 

and o=2\/^Bm^ 

Examples VI 

1. How many ergs are there in the ft.-lb. ? 

2. Find in foot-tons the work done in drawing a truck weighing 
10 tons up an incline a mile long, which rises 1 in 120, the coefficient 
of friction being ^ . 

3. Find the work done by 

(i) a force of 220 dynes acting through 80 cm., 

(ii) a force of 16 gm. acting through 2 metres, 

(iii) a force of 18 lb. acting through 6 inches. 

4. The Kinlochleven reservoir is situated 935 ft. above the level 
of the works. What is the potential energy of the water in ft. Ib./cub. 
ft. ? One cubic foot of water weighs 62*4 lb. 

6. Find in ft.-lb. the kinetic energy of a body of mass 20 lb. moving 
with a velocity of 33 ft./sec. 

6. A spiral spring is pulled out by the fingers a distance of 10 cm., 
and when extended this length exerts a force of 250 gm. What is the 
potential energy stored in the spring in ergs ? 

7. Find in ergs the kinetic energy of a mass of 17 gm. moving with 
a velocity of 22 cm./sec. 

8. The length of a simple pendulum is 80 cm., and the bob weighs 
100 gm. Initially it makes an angle of 20° with the vertical. Find 
the kinetic energy and hence the velocity of the bob, when (i) it is at 
its lowest point, (ii) it is 10° beyond its lowest point. 

9. A 10 H.P. engine is employed to pump water from the bottom 
of a mine 800 ft. deep. How many cubic feet of water will it raise in 
an hour ? 

10. The mass of a train is 800 tons and its velocity is 80 miles pet 
hour. What H.P. would be necessary to give it this velocity in 1 
minute ? The frictional resistances are to be neglected. 

D 


pendulum at 
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ROTATIONAL MOTION-GRAVITATION 

Angular Momentum. Kinetic Energy of Rotation. —Let us 

suppose that a body is rotating about an axis. Then every 
particle of the body moves in a circle about the axis in a plane 
at right angles to the axis. Let oj be the angular velocity of the 
body about the axis measured in radians per second, and let wij 
be the mass of a particle of the body the perpendiciilar distance 
of which from the axis is rj. Then curj is the velocity of the 
particle, and niicoTi its momentum, or more strictly its linear 
momentum. If we multiply this quantity by the radius of the 
circle in which the particle is moving, we obtain 

which is called the angular momentum or moment of momentum 
of the particle about the axis. If we repeat the process for all 
the particles into which the body can be divided, and take the 
sum, we obtain 

. . . ^S7n<jjr^ = i^S7nT^)ct> 

This quantity is called the angular momentum or moment of 
momentum of the body about the axis. 

If we return to the single particle, its kinetic energy is 

imi(cari)2 

By forming similar expressions for the other particles into which 
the body can be divided and taking the sum we obtain 

?,mi(ajri)2-[-^m2(a»r2)2 + |?n3(cor3)2 . . . — 

for the kinetic energy of rotation of the body about the axis. 

Moment of InertlR. —If we multiply each particle of the 
body by the square of its distance from the axis and add, the sum 

-{^7)12X2.^-\-7n^r2.“^ . . . =S7nr^ 

is known as the moment of inertia of the body about the axis, 
and is usually written I. Thus the angular momentum and 
kinetic energy of the body are lew and ^Itw^. 

Let M be the mass of the body. Let“I =M/c 2 . Then the kinetic 
energy of rotation is 
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Thus if tlie whole mass of the body were concentrated at a point 
distant k from the axis, its kinetic energy would be unaltered. 
k IS called the radius Of gyration of the body about the axis. 
I »nd k vary for a body with the position of the axis. 

The following table gives values of for some simple cases. 
Ihe bodies are supposed to be of uniform density throughout. 
Ihe results are obtained by calculations which are beyond the 
scope of this book. 

Rod, length 2a, about an axis through its middle point per¬ 
pendicular to its length.. 

Rod, length 2a, about an axis through one end perpendicular 

to its length.. 4a* 

Disc, radius a, about a diameter.* ’ 

Disc, radius a. about an axis through its centre perpendicular 
to Its plane . . .. ^ 

Solid cylinder, radius a, about its axis .!!!!!! la* 
Solid sphere, radius a, about a diameter ...!!!! |a* 

When the moment of inertia of a body is 
known for an axis through the centroid, it 
can be calculated for any parallel axis. For / P 

(Fig. 58) let G denote the centroid, A the i \ A/-' 

point in which the parallel axis intersects the \ 
plane of the diagram, and let P be a typical \ ^ 

particle. The axes are at right angles to the ^ 

plane of the diagram. Then 

lA = Z'mAP2 \ ^ 

= Z’m{AG2 + GP2+2AG.GP cos 6) „ 

=AG2Z’7«-|-2:7«GP2 4-2AG2;mGP cos $ ^ 

GP cos 6 is the distance of the particle from the plane through G 
at right armies to AG, and by the property of the centroid proved 
on p. 52, 27wGP cos ^=0. Hence substituting M for 

I*=M.AG2 + I« 

i.c. the moment of inertia about amj cuvis is equal to the moment of 
ineHia about a parallel cucis through the centroid plus the product 

tl^eenihe dista^u^e 

„ ^ cylinder of length 20 cm., radius 4 cm., and density 

^6 IS rotating about an axis in its surface paraUel to its axis of figure 

kinetinneri, veloc.ty of 10 radians per second. Calculate its 
M=20x7rX4*x0-6=603-3 gm. 

=603-8 x =1-447 X 10- gm.-cn... 

Hence kinetic energy =* x 1-447 x 10‘ x 10*=7-285 x 10 « ergs. 
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Couple. —A couple in dynamics is a system of two equal and 
opposite parallel forces. 

The forces P (Fig. 59) represent the forces of a couple, and AB 
the perpendicular distance between them. AB is called the arm 

of the couple, and the product of either force P 
and the arm AB is called the moment of the 
couple. The moment of a couple is usually 
denoted by the letter L. 

If we attempt to find the resultant of the 
forces of a couple by the method of p. 31, we 
find that its magnitude is zero, and that the 
construction for its line of action breaks down. 
A single force cannot be found which is equiva¬ 
lent to a couple. Now a single force produces 
a motion of translations A couple, therefore, 
must cause a motion of a different kind, and it can be shown 
that it always causes a motion of rotation. 

Couples are classified into clockwise and counter-clockwise 
couples, according to the direction of the rotation they produce. 

Dynamics of Rotation. —Hitherto we have dealt only with 
the dynamics of translation. A force acted on a body and 
moved it in a straight line. We have now to deal with problems 
in rotation. A couple acts on a body, and it is required to find 
the result. The simplest way of solving problems of this nature 
is by analogy with corresponding problems in translation. An 
analogy exists between the formulae used for translational and 
rotational motion ; we shall exhibit this analogy in a table, and 
then use it to solve typical problems. 



TraDsl&tlon. 


Mass M 
Force F 
Displacement s 
Velocity t) 
Acceleration a 
Work Fs 
Momentum Mu 
ICinetic Energy -JiMu* 


F=Ma 


Rot«t(on. 

Moment of Inertia I=M/c* 
Couple L 
Angle 0 

Angular velocity 
Angular Acceleration a> 
Work LO 

Angular IVIomentum Ico 
Kinetic Energy Jloi* 
L=Ia* 


Examples on Rotational Motion.—(l) A wheel has a uniform 
angular acceleration of 5 rad./sec.® What angular velocity will it 
acquire, and what angle will it describe in 4 sec. starting from rest ? 

We have in analogy with v=ai and s = ^a/*, co — dit and 0 = iujtK 
Hence 


and 


01=5x4 = 20 rad./sec. 
e = J x5 x4*=40 rad. 
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(2) A couple consists of forces of 50 dynes acting in lines 4 cm. 
apart. Calculate the work it does in rotating a body through 100®. 
Here L=60 x 4=200 units 


100 X Tf 
180 


= 1-745 rad. 


Hence work done =200 x 1*745 =349*0 ergs. 


(3) To a flywheel weighing 4 cwt. whose radius of gyration is 2 ft., 
a constant couple of 400 ft.-lb. units is applied. Find the angular 
velocity acquired by the wheel in 10 sec. 

The equation is L = Ia». L must be changed to absolute units 
before insertion, t.c, 400 X 32 ft.-pd. 1=4x112x2*. Hence 


400x32 50 ^ . 


and 



X 10=71*4 rad./sec. 


(4) A plane is inclined at an angle 6 to the horizontal, and a 
uniform sphere of radius a is allowed to roll down it a distance I 
measured along the plane, starting from rest. Find the velocity 
acquired by the sphere. 

Let io be the angular velocity it acquires. Then, since at each 
instant the centre is rotating about the instantaneous point of contact, 
the linear velocity of the centre is ojo, where a denotes the radius of 
the sphere. Let M be the mass of the sphere. It has the kinetic 
energy of translation 

iMu*=iMa»*a* 

and in addition the kinetic energy of rotation 

iIa,*=4Mga*«i* 

making a total of 

for the kinetic energy gained. 

During the motion the centre descends a height Isind. Conse*- 
quently the potential energy lost is 

sin 0 

By the conservation of energy 

=Mgi sin 6 


hence 


oiQ = 


lOgl sin 6 
7 


Compound Pendulum.—Any body which is supported on a 
horizontal axis not tlirough its centroid, and which is free to 
rotate about that axis in a vertical plane under the action of 
gravity is called a compound pendulum. Let Fig. CO represent 
a vertical section through the centroid G of a compound pendu¬ 
lum, and let A be the point in which the section intersects the 
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axis. The axis is at right angles to the plane of the diagram. 
Let AG~h and let MA :2 be the moment of inertia of the pendulum 

about a horizontal axis through G. 
Then it follows that the moment of 
inertia about the parallel axis through 
A is M/i 2 4 -MA 2 =M(A 2 +Ar 2 ). 

Let AG make angle $ with the 
vertical. The pendulum is acted on by 
two forces, its weight Mg vertically 
downwards and the reaction on the 
axis. For small displacements the latter 
is vertically upwards and equal to Mg. 
Thus the two forces constitute a couple 
of arm AG sin Q=h sin Q and moment 
Fig, 60 . Mg/i sin0. This couple causes the pen¬ 

dulum to rotate, and the angular 

acceleration d> is given by 

. L Mg7^ sin d 

^ — M(/i 2 4,7:2) 

MgA 0 

when 6 is small. The ratio 

g hQ 

Angular Acceleration ^ 24,^2 

Angular Displacement Q =constant. 

If the ratio angular acceleration to angular displacement is 
constant for the body, the ratio linear acceleration to linear dis¬ 
placement must also be constant for every point on the body, 
since the latter are obtained from the former on multiplying them 
by the distance of the point from the axis. Hence {cf. p. 21 ) 
every point in the body is describing a S.H.M., and the period 
is given by 

gh 47t2 

P+7i: 2 ~ 'rz 

or T= 2 tr 

Law of Gravitation. —It has already been mentioned, that 
bodies are attracted downwards by the force of gravity, as a 
consequence of which they fall with the uniform acceleration g. 
This is a particular case of the law of universal gravitation dis¬ 
covered by Newton, which can be stated as follows : 

Every particle of 'matter in the universe attracts every other 
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particle with a force proportional to the prodxict of their masses and 
inversely proportional to the square of the distance between them. 
Expressing the law in symbols 

„ kmm* 


where F is the force on either particle, m and m' are the masses of 
the particles, d is the distance between them, and A: is a constant 
of proportionality known as the gravitational oonstant. 

The earth attracts bodies on its surface, as if its whole mass 
were concentrated at its centre ; its centre is at a distance of 
4000 miles, but its mass is so great that its attraction far out¬ 
weighs the attraction of bodies on the surface for one another, 
and the latter cannot be rendered evident, unless special pre¬ 
cautions are taken. 

Newton arrived by the aid of astronomical calculations first at the 
result, that the law held between the sun and planets. Then in 1665, 
when he was a young man of 23, he had to leave Cambridge owing to 
the plague, and the story goes that, when he was seated in his mother's 
garden at Woolsthorpe, the thought occurred to him on seeing an 
apple fall, that perhaps it was the same force which held the planets 
in their orbits, that also caused bodies to fall to the surface of the 

Verification of Law of Gravitation.—^The moon’s orbit is approxi¬ 
mately circular, and its distance is 60 times the earth’s radius. 
Denote the latter by R. The time taken by the moon to go round 
the earth, i.e. the sidereal month, is 27*32 days. The acceleration of 
the moon towards the earth is consequently given by 

a = a)* 60 R 

60x4000x5280 

\ 27*32 X 24 X 60 X 60 / 

=0 00897 ft./sec.» 

If the moon is held in its orbit by the force that causes a stone to fall 

a 1 

^=G0^ 

and g=a60*=32*29 ft./sec.* 

a value which shows that the supposition is right. 

The value of g varies over the earth’s surface owing to two causes. 
In the first place, the earth is not a sphere but an oblate spheroid, the 
poles being nearer the centre than points on the equator. Consequently 
g is less at the equator. In the second place, owing to the rotation of 
the earth, bodies on its surface are travelling in circles round its axis. 
A small part of the earth’s attraction on them is consequently utilized 
in supplying the acceleration necessary to keep them in these cir¬ 
cular paths ; this proportion increases in magnitude as we approach 
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the equator. The remainder is utilized in causing the body to fall. 
Owing to this cause also g is less at the equator. 

The Cavendish Experiment. —The first direct measurement 
of the force of attraction between two bodies of such a size that 
we can handle them, was made by Henry Cavendish in 1798. 

The instrument employed was a torsion balance consisting of 
a horizontal rod which carried lead spheres of 2 inches diameter 
at its ends, and was suspended by a long fine wire. If this rod 
was acted on by a couple in a horizontal plane, it turned, the 
wire becoming twisted, and took up a new position of equilibrium. 
The angle through which it turned was proportional to the couple. 
Fig. 61 represents a plan of the arrangement, ah is the horizontal 

rod. A and B are two large lead 
spheres of 12 inches diameter 
which can be rotated from the 
position AB to the position A'B' 
as shown by the arrows. In the 
first position A attracts a and B 
attracts 6, so there is a counter¬ 
clockwise couple on the rod. In 
the second position B' attracts a 
and A' attracts b, so the couple is 
clockwise. Thus by rotating the 
Fio. Gl.—Cavendish experiment, large spheres from the one position 

to the other, a couple in one 
direction is changed into an equal couple in the opposite direc¬ 
tion, and the rod consequently twists through a small angle 
from one position of equilibrium to another. This angle is 
measured, and from it the magnitude of the couple and of the 
force betw'een a large sphere and the small sphere opposite it is 
deduced. This force is given by 

/rMm 

~d^ 

where M is the mass of a large sphere, m the mass of a small 
sphere, and d is the distance between their centres. Hence, 
when it is known, the value of k can be calculated. 

In this way Cavendish made the first determination of the 
value of the gravitational constant. Subsequent measurements 
with more refined apparatus have given the mean value of 
C*G6 X 10~®, when the masses are expressed in grams and the 
distance in centimetres. 

Density of the Earth.—When k is known, the density and mass 
of the earth can be calculated. Thus Cavendish was said to have 
“ weighed the earth.** 
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For let M be the mass of the earth and R its radius. Then the 
force with which a mass of one gram on the earth's surface is attracted 
downwards is 


kM 

R> 


measured in dynes. This force is also g dynes. Hence 

R1 —S 


and if we substitute iwRV for M, where p is the density of the earth, 

^irfcRp =g 


Thus 


f* ~~ R 4 


8X981 


A w 1 




5‘46 gra./c.c. 


EXAMPI.E3 VII 

1. A disc is rotating about an axis in its plane tangential to its 
edge at the rate of 10 revolutions per second. Its mass is 10 gm, and 
its radius is 5 cm. Calculate its kinetic energy. 

2. A wheel has an angular velocity of 5 rad./sec. and an angular 
acceleration of 2 rad./sec.® What is its angular velocity after two 
complete revolutions ? 

3. A fiy\vhcel which is uniformly accelerated, makes 4 complete 
revolutions in 8 see. starting from rest. What is its acceleration in 
rad./sec.® ? 

4. A couple of 20 ft.-lb. units rotates a body through 2 right angles. 
Calculate the work done in ft.-pdl. 

6. A flywheel weighs a ton and has a radius of gyration of 4 ft. 
Calculate in ft.-lb. the couple required to give it an angular velocity 
of 50 revolutions per minute in 30 seconds, starting from rest. 

6. A uniform rod of length I is suspended from one end and allowed 
to oscillate as a pendulum. Wliat is its period ? 

7. A thin rope is wound round the flywheel of an engine of which 
the diameter is 10 ft., and when the speed of the engine is 200 revolu¬ 
tions per minute, the difference in stretching force at the two ends of 
the rope is 30 lb. What is the horsepower ? 

8. Given that the acceleration of gravity is 32 00 ft./sec.® on the 
earth’s surface, what will it be in a balloon 2 miles up ? 

9. By how much does the rotation of the earth diminish the 
acceleration of gravity at the equator ? 

10. Lead spheres of 12 and 2 cm. diameter are suspended with their 
centres 8 cm. apart. Calculate the force of attraction between them 
in dynes. The density of lead is 11-4. 
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States of Matter. —Matter exists in three states, the solid, the 
liquid, and the gaseous. A solid body has both a definite shape 
and a definite volume. A liquid has a definite volume, but no 
definite shape ; it takes the form of the vessel into which it is 
poured. A gas has neither a definite shape nor a definite volume, 
but tends to expand indefinitely, so as always to fill the vessel 
which contains it. Both liquids and gases are included under 
the name of fluids. The distinction between the different states 
will be gone into in greater detail later; this account is intended 
to be merely a preliminary one. 


The word “ gas ** was invented by van Helmont, a Belgian chemist 
who died in 1644. He suggested two names, gas and blaSt connected 
etymologically with the words “ ghost ” and “ blow,” and the first of 
these has been adopted. 



Kig. 02.—Free surface in communi> 

eating vessels. 


Hydrostatics is the part of 
physics which deals with the 
equilibrium of fluids ; we are 
now entering on the study of 
this part of the subject. 

Water Maintains its Level. 

—If several different vessels 
are connected as shown in Fig. 
62 and filled with water, then, 
when the water comes to rest, 
its surface is at the same level 
in the different vessels. This 
is also the case with two reser¬ 
voirs miles apart connected by 
a water main, and is popularly 
expressed by the phrase that 
“ water maintains its level.’* 


The free surface of a liquid at rest is always horizontal, always 
right angles to the plumb line. For, if it were not, and one 
fArt of the surface were higher than another, gravity would 
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Fio. 63.—Spirit level. 


cause the liquid to move from the higher part of the surface 
to the lower part. 

This fact is taken advantage of in the construction of the 
spirit level, which consists in its most usual form of a slightly 
curved glass tube filled with alcohol, except for one small air 
bubble. Alcohol is used as it is more mobile than water. The 
tube is fixed in a brass mount. 

The air bubble forms the free 
surface of the liquid, and 
always takes up a position at 
the highest part of the tube. 

Two points on the tube are 

marked, the distance between them being equal to the usual 
length of the bubble. The instrument is adjusted so that, when 
it is resting on a horizontal surface, the air bubble comes to 
rest between these marks. 

If a vessel or a pipe containing liquid at rest is pierced by a 
small hole, a thin jet squirts out. Such a jet is sometimes seen 
in the case of a leaky garden hose. It is always at right angles 
to the surface of the containing vessel or pipe. Consequently 
the liquid must press against every part of the surface of the 
containing vessel with a force at right angles to that part, and the 
surface must press back with an equal and opposite force. 

Pressure at a Point. —Let us suppose that a block of wood 
rests on a table. The block presses down with a force equal to 
its weight, known as the thrust on the table, which we shall 
denote by F ; this force is balanced by an equal and opposite 
upward thrust exerted by the table on the block. If we divide 
the thrust F by the area A of the base of the block in contact 
with the table, the quotient 

F 

A 


is known as the average pressure exerted by the block on the 
table. 

Consider a portion of the base of area a surrounding a point P. 
Let f be the thrust on this area. Make the area smaller and 
smaller ; / at the same time diminishes in size. The value of 
ffa when a is made indefinitely small is known as the pressure at 
the point P. 

'The ratio of the thrust on a small area surrounding a point to 
the area itself when the latter is made indefinitely S7nall, is known as 

the pressure at the point. 

Now consider a liquid of density p filling a cylindrical vessel 
to a depth h, as shown in Fig. 64. Take a small circular area of 
magnitude a surrounding a point P on the bottom of the vessel. 
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and consider the liquid contained in the cylinder which has this 
area as base. Suppose it to become solid without change of 
volume. Then the forces acting on it are unaltered. It is in 
equilibrium under (1) the pressure of the surrounding liquid, 
(2) its own weight, (3) the upward thrust on the base. Since 
the pressure of the surrounding fluid is perpendicular to the 
surface, it acts horizontally, and has therefore no vertical com¬ 
ponent. Hence the two remaining forces must balance, and the 
thrust on the base is consequently equal to the weight of the 
column ahgp. The average pressure on the base is ahgpja or hgp. 
This remains unaltered when a is made indefinitely small. Hence 
the pressure on the base at P is hgp. 

If, instead of taking the base of the cylinder on the bottom 
of the vessel, it is taken on a plane some distance up, we can 



show in the same way, that the pressure at a point in this plane 
is hgp^ where h denotes its depth below the surface. 

It will be noticed that pressure has not the dimensions of force 
but of force/area. It is thus, for example, not measured in 
dynes, but in dynes/cm.^ 

PascaPs Vases. —The fact that the pressure depends only 
on the density of the liquid and the depth below the surface, 
was verified by an experiment due to Pascal, known as Pascal’s 
vases. In this experiment three vases A, B, and C are taken with 
equal bases, A cylindrical, B tapering upwards, and C widened 
upwards (Fig. Go). These vessels have no bottoms. In the 
figure A is shown held by a clamp. D is a movable disc held 
against its lower edge by a string attached to one of the scales 
of a balance. Weights are placed in the otlier pan to keep the 
disc against the edge. The vase is filled with water, until the 
pressure is Just sufficient to detach the disc from the edge, and 
the depth of the water noted. The experiment is then repeated 
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with the other two vases, the weights in the other pan being kept 
the same. It is found that the disc is detached, when the depth 
of the water is the same in each case. 

The force exerted on the disc must be the same in each case, 
and the area on which it acts is the same. Hence the pressure 
on that area is the same, or, in other words, the pressure on the 
bottom of a vessel is given by the formula hgp, irrespective of 
the shape of the vessel. 

This result is at first puzzling, because in the experiment the 
vase B holds less water than A, and the vase C more water than 
A, and one might expect that for the same depth the pressure on 
the base would be less in B than in A, and greater in C than in A. 
But part of the weight of the water in C is supported by the side, 
and in B the side exerts a downward force against the base. 

ExAArPLE.—A cubical vessel of 5 cm. edge is filled with mercury 
to a depth of 2 cm., and then to the top with water. Find (i) the 
pressure on the bottom, (ii) the total do^vnward thrust on the bottom. 

Pressure on bottom =2 x 13*6 4-3 *8=30*2 gra./cm.* 

Thrust on bottom =25 x 30*2 =755 gm. 

Pressure inside a Liquid the same in all Directions. —If 
a glass tube with an end ground flat against which a thin plate 
presses, is lowered vertically into a liquid, 
it can be shown experimentally by blowing 
air into it, that the pressure at a depth h 
below the surface is hgp, because it is 
only when the pressure exceeds this limit 
that the plate can be blown away from 
the end of the tube. If the tube is inclined 
instead of vertical (Fig. 66), with its end at 
the same place, the pressure required to 
force the plate from the end is still the 
same. Hence the pressure at a point 
inside a liquid is the same in all directions. 

This result can be proved mathematically 
as follows : I’lo. C6. 



Isolate in imagination a small quantity of the fluid bounded (Fig. 67) 

by a horizontal plane EBCF, three vertical planes, 
namely FED, FCAD, and CBA, and a plane ABED 
inclined at any angle to the horizontal, and suppose 
^ that the point for which the result is to be proved is 

inside this figure. It is clear that, if the liquid were 
A solidified without change of volume, its equilibrium 

Fig. 67. would not be disturbed. Let us suppose it solidified. 

It is then in equilibrium under the pressure of the 
liquid on its five faces and its weight acting vertically downwards. 
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It is clear from symmetry that the thrusts on the faces FTED and 
CBA balance one another, and do not require to be considered. Let p 
denote the pressure on the horizontal face, let p-^ denote the pressure on 
the inclined face, and let p^ denote the pressure on the vertical end. The 
thrust on the upper face is pFC x CB. The weight is gpJFC X CB X CA. 
The ratio of the weight to the thrust is, therefore 

gpiFCxCBxCA 

;>FCxCB — p^^^^ 

Let us suppose that the figure is very small ; then CA 
becomes very small, and the weight can be neglected in 
comparison with the thrust on the upper face. 

The figure is now in equilibrium under the action of 
three thrusts, one pjDAxAB perpendicular to AB, one 
pFCxBC perpendicular to CB, and one p^FCxCA per¬ 
pendicular to CA. These three thrusts must obey the 
triangle of forces. Draw oA, be, and ca (Fig. 68) to 
represent these three thrusts respectively. Then 

ab'.bcx ca=piDA x AB : pFC xBC cp^FCxCA 

=p,AB : pBC : pgCA 

But C^abc is similar to AABC. Therefore 

ab ibc X ca =AB : BC : CA 

Thus AB : BC : CA=p,AB :pBC : PaCA 

which is only possible if p=pj=P 2 . 

Thus the pressure on the plane ABED is equal to p. But the plane 
ABED was inclined in any direction. When the figure is made in¬ 
definitely small, the plane passes through the point in question. Thus 
the pressure at any point is the same in all directions. 


h 



U-Tube.—Let us suppose that two liquids which do 
occupy the arms of a U-shaped tube as shown in Fig. 
the sake of clearness let the liquid DC be oil 
and the liquid AC be water. Draw a hori¬ 
zontal plane through C to cut the other 
branch in B. Then the pressure is the same 
at the two points B and C in the same hori¬ 
zontal. Consequently the pressure due to 
the column AB of the heavier liquid is equal 
to the pressure due to the column CD of the 
lighter liquid. Let h and h' be the heights 
of the columns of the two liquids respectively 
and p and p' their densities ; then 


not 

69. 


mix 

For 



Fig. 69. 


hp=k'p' or 

P ft 

that is, the densities of the liquids are inversely as the heights 
of the columns. 
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Thrust on an Area. —If a plate of area A is immersed 
horizontally in a liquid of density p at a depth h below the surface, 
the pressure on it, hgp^ is everywhere the sarne, and the thrust 
on it is Akgp. Sometimes the words pressure or “ whole pressure ** 
are used for this quantity, but it is better to call it the thrust or 
“ pressure-thrust.** 

Let us suppose now that the plate is inclined to the surface 
as in Fig. 70, and that its outline is of irregular form. The 
pressure is everywhere at right angles to 
the plate and increases as we go down¬ 
wards. Divide the plate into strips 
parallel to the surface; let the areas of 
these strips be S 21 s^, etc., and let the 
centres of gravity or centroids of the 
strips be situated at depths Zj, Z 2 * 23 , etc., 
below the surface. Then, since the strips 
are narrow, the pressure on the first may 
be regarded as uniform all over it and 
equal to the pressure at its centroid, z^gp. 

The thrust on the first strip is conse¬ 
quently SiZigp. Similarly the thrusts on the second and third 
are S 2 ^ 2 MP> ^^id the resultant thrust on the plate is 

SlZi^gp-\-S2Z2gp+S^Z^gp . , . =gp 2 :sz 

The centroid of the plate is given {cf. p. 52) by the formula 

Smz 



Fig. 70. 


z = 


Sm 


where m is the mass of one of the particles into which the body is 
divided. In this case the strips take the place of the particles 
and their areas are proportional to their masses. The centroid 
of the plate is consequently given by 

Ssz 

z = and J^sz=z^s—zS 

Z,s 


where S is the area of the whole plate. Hence the resultant 
thrust on the plate is given by 

gp^sz=Sgpz 

Thus the resultant thrust on a plate immersed in a liquid is equal 
to the area of the plate multiplied by the pressure at its centroid. 

Exampi.e.— A triangular plate is immersed in a liquid of density 
p with a side in the surface. The sides are equal and of length a, 
and the surface of the plate is inclined at 45® to the vertical. Calculate 
the thrust exerted on it by the liquid. 

The area of the plate is —^ . The length of the median is . 
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The centroid being one-third along the median is distant ^ from 

the surface along the median, and Is 

1 1 a^Z a 

^2 3 2 ~ 'Z^/e 

vertically below the surface. The resultant thrust is consequently 


0*^/3 a 



16 


Centre of Pressure .—If a surface is immersed in a liquid^ the point 
at tvhich the resultant thrust on the surface actSt is called the centre of 
pressure of the surface. 

The centre of pressure of the surface does not coincide with its 
centre of gravity, and in general the determination of its position 
requires the aid of the calculus. One or two cases can, however, be 
treated by elementary methods. 

Let AB in Fig. 71 represent a rectangle immersed vertically. Divide 
it into equal strips parallel to the surface, and let the arrows represent 

the thrusts on these strips 
in magnitude and direction. 
Kach acts at the centre of 
its own strip, and its length 
is proportional to its dis* 
tance from the surface. It 
is required to find the line 
of action of the resultant 
thrust. 

The problem is best solved 
by analogy. Suppose we 
are required to find the cen¬ 
troid of triangle abc. If this 
triangle is divided into strips 
parallel to the base, the 
weight of each strip is pro¬ 
portional to its area, and 
hence can be represented by a horizontal arrow the length of which is 
proportional to its distance from a. The resultant of this system of 
forces is the weiglit of the whole triangle, w’hich acts through its 
centroid at g. This centroid is two-thirds of the distance down the 
median. Similarly the resultant of the thrusts on AB acts at a point 
P in AB, such that AP = §AB. 

The centre of pressure is thus on the middle vertical, two-thirds 
down. 


A 



Example.— A rectangular board 3 ft. long and 2 ft. broad is im¬ 
mersed vertically in water with its length parallel to the surface and 
its upper edge 2 ft. below the surface. Find the magnitude and line 
of action of tlic resultant thrust on it. 

Suppose the board completed to the surface. Then the thrust on 
the whole board is 

a X4 X2 x62-4 = 1497-6 lb. 



FLUID PBESSrrBB 81 

since the cu. ft. of water weighs 62*4 lb. This acts in a line f x 4 
»2'67 ft. below the surface. The thrust on the upper part is 

8 X 2 X 02*4 =374*4 lb. 

This actc« in a line f x2=l*33 ft. below the surface. The thrust on the 
lower part is consequently 1497*6—874*4 = 1123*2 lb. Let its line of 
action be x ft. below the surface. Then by taking moments 

1497*6 x2*67 =874*4 X 1*33 +1123-2aJ 
whence aj=3*ll ft. 


Fio. 72. 


ff 


Transmission of Fluid Pressure. —Any pressure communi¬ 
cated to any part of a fluid is communicated without diminution 
to every other part of the fluid. This law was first stated by Pascal. 

Let us suppose we have a vessel of the 
shape represented in Fig. 72, terminating above J I 
in a tube and filled to the level A with water, q M 

Then the pressure at a point P situated h cm. ^ m -— —r 

below A is hgp, or, since p = l, in gravitational H [ 

units simply h gm. per cm.2 If now water is g- h 

poured into the vessel so as to raise the level I 

1 em. from A to B, then the pressure at P 4 

becomes ^+1 gm. per cm.2 Thus at every p 

point inside the vessel the pressure increases by 
1 gm. per cm.2 The increase of pressure might Fio. 72. 

£ equally well have been 

produced by pressing a closely fitting 
i piston down the tube instead of pouring 
water into it. The result is the same in 
each case, and it is also obviously inde¬ 
pendent of the shape of the vessel. We 
see, therefore, that Pascal’s law for the 
transmission of fluid pressure is an inevi¬ 
table consequence of the formula for the 
pressure. 

The Cartesian Diver. —The transmis- 
sion of fluid pressure is illus- 
trated by the toy called the 
3 Cartesian diver (Fig. 73). This 
A consists of a glass cylinder nearly 

water and closed at the 
yyiil top, through which works a 
J piston. By lowering the piston 
;|| the pressure of the air and con- 
i|l sequently of the water inside the 
^ I'tti cylinder is increased. Inside the 

tio. 73 . Fig. 74. water is a little figure attached 

Cartesian divere. to a glass ball a wliich contains 




t: 
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water and air ; in the lower part of this ball there is a small 
hole by which water can enter or escape. When the pressure 
in the water is increased, more water is forced into the ball, 
and it becomes heavier and sinks ; when the pressure is diminished, 
the air expands, forcing the water out, and the ball rises. Thus 
by taking pressure off and putting pressure on to the piston the 
diver can be made to move rapidly up and down the cylinder. 
The apparatus can be simplified by using instead of the cap and 
piston an ordinary jar with a piece of india-rubber tied over its 
mouth (Fig. 74). The pressure of the hand on the india-rubber 
is then sufficient to make the divers sink to the bottom of the jar. 

The submarine is simply a large Cartesian diver which is 
made to sink and rise by taking in and expelling water. 

The Hydrostatic Paradox. 
—Let us suppose we have 
two cylinders (Fig. 75), one 
of large cross-sectional area A 
and one of small cross-sec¬ 
tional area a, and that these 
are fitted with water-tight 
pistons and filled with water. 
The pistons are in equilibrium, each 
resting on the top of the water. 

Let us suppose now that a weight 
wj is placed on the smaller piston ; then 
the increase of pressure produced is 
given by p^xvja. The increase of 
pressure at once exerts an upward force 
pA on the other piston, and to prevent 
it rising we have to place on it a weight 
W =pA. Then the weights W and w 
balance one another. Now 

W pA A 

u> pa a 

and W is many times greater than to* 

This result has often appeared paradoxi¬ 
cal. For example, it seems astonishing, 
that the thin column of water on the 
right in Fig. 76 should balance the 
man standing on the bellows on the 
left. The bellows are simply a collap¬ 
sible drum filled with water, which has 
a wooden top and bottom. 

The result is, however, quite in 
accordance with the principle of work. For let the small piston 




Fig. 75.—Hydrostatic paradox. 
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be lowered through a distance d, and let the large piston be 
consequently forced up a distance D. Then the volume of water 
expelled from the small cylinder is ady and the- volume forced 
into the large cylinder is AD. These must be equal; therefore 
ad—AD. The work done by the weight w in falling a distance 
d is zvd=pad ; the work done against the weight VV in being 
raised through D is WD=pAD. But pad =pAD. Hence the work 
done by the small weight is exactly equal to ' the work done 
against the large weight. The contrivance is, in fact, a “ machine 
similar to the lever. 

Hydraulic Press. —This machine embodies the principle ot 
the Hydrostatic paradox, and was invented by Bramah, in 1795. 
It is used for compressing paper and cotton bales, making dies. 


T 



etc. The object to be compressed is placed between the ram R 
and the crosspiece T (Fig. 77). The ram is connected to a plunger 
or solid cylinder, which works in the large metal cylinder C ; the 
latter has very strong sides. The pressure on the sides of the 
plunger has no tendency to drive it in or out, so it may be regarded 
as a piston with the same area as its end. The large cylinder C 
is connected by a metal pipe with the small cylinder, in which 
works the plunger P actuated by a lever handle. The small 
cylinder is provided with two valves, and acts as a force pump 
(p. 104) taking water from the reservoir S and pumping it into the 
large cylinder. 

Let F be the force exerted in pushing down the handle, let 
L be the distance of its line of action from the fulcrum, and let I 
be the distance of the line of action of the plunger P from the 
fulcrum. Then the force exerted by the plunger P is LFy^ 






84 


DYNAMICS AND PROPERTIES OF MA-TTER 


Let a and A be the cross-sectional areas of the plungers P and R 
respectively. The pressure in the two cylinders is consequently 
LF/(/a) and the force exerted on the ram 

LFA 

la 

The total mechanical advantage of the press is consequently 
LA/(^a), or the product of the mechanical advantage of the lever 
handle by the mechanical advantage due to the inequality of 
the areas of the plungers. 

Hydraulic power is used in cities to operate lifts, cranes, and other 
machines. Special pipes of a diameter about 7 in. laid imder the 
streets supply water from a central station at a pressure of 700 or 
1000 Ib./sq. in. to the machine in question. Hydraulic power can be 
stored by using it to raise rams which carry loads of 100 tons or so ; 
when the power is required, the potential energy of these loads is 
released. 


Exampues VIII 

1. What is the pressure in kg./cm.® at a depth of 1 kilometre below 
the surface of the sea, the density of sea water being 1*025 gm./c.c. ? 
Neglect the pressure of the atmosphere. 

2. A uniform U-tubc is about half filled with water. How many 
c.c. of oil of density 0*85 gm./c.c. must be poured into one limb to 
make the surface of the water rise 6 cm. in the other? The diameter 
of the tube is 1 cm. 

3. A glass tube open at the top and containing water is gradually 
tilted, none of the water being spilt, until the pressure at the foot of 
the tube due to the water is diminished by half. What is then the 
inclination of the tube to the vertical ? 

4. Find the total pressure in grams weight on a triangle of area 8 sq. 
cm. whose corners are at depths 4, 3, and 6 cm. in water. 

5. A cistern is full of water. What is the ratio of the thrust on the 
upper half of one side to the thrust on its lower half ? 

6. A canal lock gate is 14 ft. wide and 9 ft. deep. Find the magni¬ 
tude and line of action of the thrust on one side of it, given that the 
w’atcr is level with the top and that the density of water is 62*4 lb. per 
cu. ft. Express your answer in tons weight. 

7. The cross-sectional area of the small plunger in a Bramah press 
is 1 sq. inch, and that of the large plunger 100 sq. inches. The lever 
handle gives a mechanical advantage of 5. What is the force exerted 
by the ram, when a force of 1 cwt. is applied to the handle ? 

8. The two plungers of a hydraulic press have diameters of an 
inch and a foot respectively. The downward force on the smaller 
plunger is 56 lb. VVTiat is the force exerted by the ram ? If the 
stroke of the smaller piston is 1^ inches, through w’hat distance has the 
ram naoved after lO strokes ? 
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Torricelli’s Experiment. —In 1643 Torricelli, a pupil of Galileo, 
took a glass tube closed at one end, about a yard in length and a 
third of an inch in diameter, filled it 
with mercury, stopped the open end 
with his finger, and inverted the tube 
with the open end below the surface in 
a vessel containing mercury. He then 
removed his finger, and found that the 
mercury descended in the tube, and after 
a few oscillations remained stationary 
with its surface at about a height of 30 
inches above the surface of the mercury 
in the dish (Fig. 78). If the glass tube 
was lowered into the mercury, or inclined 
to the vertical, the difference in level 
between the two surfaces remained the 
same (Fig. 79). Obviously the space 
between the closed end of the tube and 
the upper surface of the mercury column 
was a vacuum. It is referred to as the 

Torricellian vacuum. If the tube is 

lowered or inclined, 
so that the head of 
the mercury column 
hits the closed end of 

the tube, it does so with a characteristic click; 
there is no air between to act as a cushion. 
Torricelli concluded from tlie experiment, 
that the mercury column was supported in 
the tube by a pressure due to the atmosphere 
acting upon the surface of the mercury in 
the dish. 

Pascal’s Experiments. — According to 
Torricelli’s experiment the atmospheric pres¬ 
sure is given by hgp^ where h is the height of the mercury column 

86 





Fig. 78 .—Torricelli’s 
experiment. 


Fig. 79. 
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and p is the density of mercury, 13-59 gm./c.c. If the mercury 
were replaced by water, the column should be 13-59 times as 
high, or about 3t ft. in height. Reasoning in tliis way Pascal 
had a glass tube longer than ft. filled with water and set up 
vertically. He found his conclusion verified. 

Also, since the pressure becomes less in a liquid as we ascend 
in it, it occurred to Pascal that the atmospheric pressure should 
be less on the top of a mountain. He accordingly got his brother- 
in-law Perrier, who lived near Puy-de-L)cme, a mountain near tht. 
centre of France, to carry a barometer up this mountain. The 
latter found that the height of the column diminished 8 cm. for a 
rise of 1000 metres. This decisive experiment was performed in 
1648. 

A simple way of demonstrating the pressure of the atmosphere is 
to fill a glass of water to the brim, and then carefully slide a sheet of 
cardboard over it. If the glass is inverted, the water docs not fall out, 
for the upward thrust of the atmosphere on the lower side of the 
cardboard balances the weight of the water. 


The Mercury Barometer. —The pressure of the atmosphere is 
not constant, but varies from place to place, and at any one place 
varies from day to day. In all its variations it seldom departs 
more than five per cent, from its average value. The mercury 

barometer is an instrument founded on Torricelli’s 
|| experiment devised to measure these variations. It is 

jn made in two forms, the siphon barometer and the 

Fortin barometer. 

The siphon barometer (Fig- 80) consists simply of 
a IJ-sliaped tube, the longer limb of which is closed 
and is about 90 cm. long, and the shorter limb of 
which is open to the atmosphere. The atmospheric 
pressure is given by the difference in level of the 
mercury surfaces in the tw'o limbs, and is expressed 
usually as a pressure of so many inches or centi¬ 
metres of mercury. The positions of the mercury 
surfaces are given by two scales. When the mercury 
rises in the one limb it falls in the other, and if the 
diameter of both limbs of the tube is the same, the 
increase in pressure is equal to twice the rise of the 
mercury in the closed limb. 

Sometimes the open limb ends in a kind of bulb, 
and tlie free surface of the mercury lias consequently 
a much greater diameter than the diameter of the 
closed tube. In this case the variations of level in 
the open limb are very small and are neglected. 

In the Fortin barometer the tube is straight, and dips into a 



Fig. 80.— 
Siphon 
barometer. 
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cistern containing mercury. The upper part of the cistern is of 
glass (Fig. 81 ), and through the glass the surface of the mercury 
can be seen. The lower part of the cistern is a 
leather sack, B, which carries a wooden button C. 

This wooden button rests on a screw, and by 
turning the screw the bottom of the sack can be 
raised or lowered, and consequently the level of 
the surface of the mercury in the cistern altered. 

A small ivory pin D is fixed to the top of 
the cistern. Before taking a reading the surface 
of the mercury in the cistern is adjusted, until it 
just touches the point of this pin. The pin is 
usually mirrored in the surface of the mercury, and 
when the level is right, the pin and its image 
just touch. The vertical scale, which is usually 
engraved on a metal tube surrounding the glass 
tube of the barometer, has its zero at the point of 
the pin. 

Example.— The tube of a siphon barometer is 
7 mm, in diameter, and the open limb terminates in 
a bulb, so that the free surface of the mercury has a 
diameter of 20 mm. In taking readings of the daily 
variations of the atmospheric pressure the change of 
level of the open surface is ignored. What is the 
percentage of the error involved ? 

Let ic cm.—change in level of open limb when level in closed limb 
changes 1 cm. Then 

7*=a;20*, i.e. a;=0122 

The correct change in pressure is therefore 1*122 cm. and the percentage 
error involved is 

0*122 

X 100 = 10*9 per cent. 



Fig. 81.—Fortin 
barometer. 


The Aneroid Barometer. —The mercury barometer, on account 
of its size and the risk of spilling the mercury, cannot easily be 
carried about from place to place. So, when a portable barometer 
is required, another type of instrument, called the aneroid 
barometer from the Greek words for “ without liquid,” is used 
instead of it. 

The aneroid barometer consists of a shallow cylindrical box, 
the upper surface of which is corrugated. It is exhausted of air. 
The atmosphere presses on the corrugated surface, and the latter 
rises and falls as the atmospheric pressure alters from day to day. 
This motion is magnified by a system of levers, and communicated 
to a pointer which moves round a dial. The dial is calibrated by 
comparison with a mercury barometer, and so the pressure 
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be read on it directly in centimetres or inches of mercury. Kig. 82 
shows the mechanism of an aneroid barometer. The rise and fall 
of the top of the vacuum chamber is communicated directly to 
the spring B, and thence by the levers C and D to the pointer F. 

Aneroid barometers are often made as small as watches, and 
this type is used for determining the heights of mountains. For 
this purpose the dial is furnished with another scale, which reads 
heights directly in feet (Fig. 83). This scale rotates round the 
scale of pressures, and is clamped in position at the foot of the 
mountain with its zero opposite the pointer. Then, if the atmo¬ 
spheric pressure at the foot remains constant, as the mountain is 




Fig* 83.—JPocket dncroid 
with altitude scale. 


ascended the pointer always registers the height climbed. The 
rough rule is that for every 900 ft. the barometer falls an inch. 

The barograph is an instrument for recording the fluctuations 
of the barometer automatically on a chart. It consists of an 
aneroid barometer and a cylindrical drum which carries the chart 
and is rotated by clockwork ; the levers of the barometer actuate 
a pen the point of which presses against the drum. 

Barometers for domestic use have usually the words 

Fair, Cliange, Rain, Much Rain, 

at 30-5, 20-5, 28-5, and 27-5 inches. 

These are not to be regarded as absolute predictions, but must be 
considered together with other factors such as direction of the wind, 
temperature, and the meteorological peculiarities of the place. But as 
changes in the wind usually start in the upper regions of the atmosphere. 
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and spread downwards, the barometer being affected by the weight of 
the whole air above it gives early warning of these changes. And moist 
air is lighter and generally warmer than dry air and causes the barometer 
to fall. In Great Britain the barometer usually falls for rain and south¬ 
west wind, and rises for dry weather and north-east wind. 

The rise and fall of the barometer was discovered by Torricelli and 
also by his contemporary Otto von Guericke ; the latter learned to 
foretell storms by it, and so acquired the reputation of bcine in leairue 
with the Evil One. 

Standard Atmospheric Pressure. —By the words “standard 
atmospheric pressure ’* is understood a pressure equal to that given 
by a column of mercury 76 cm. high at a temperature of 0® C. 
on latitude 45® at the sea-level. To make the pressure definite 
it is, of course, necessary to state the temperature, since in the 
expression hgp the density p varies with the temperature, and it is 
necessary to state the place, since the value of g varies from place 
to place. At the place specified the value of g is 980 6 cm./sec.^ 
As has already been mentioned, the atmospheric pressure varies 
about its standard value. Standard atmospheric pressure 
=7?gp=76 X 980*6 X 13*596 = 1,013,250 dynes per sq. cm. or 
approximately one million dynes per sq. cm. On the ft.-lb.-sec. 
system this is equal to 14*7 lb. per sq. inch. In meteorology a 
pressure of one million dynes per sq. cm. is called a bar ; hence 
standard atmospheric pressure is approximately 
equal to 1013 millibars. 

On the English system of units standard atmo¬ 
spheric pressure is sometimes taken as 30 inches. 

This equals 76-2 cm. and differs slightly from the 
other definition. 

The Magdeburg Hemispheres. —If the atmo¬ 
sphere is pressing down on us with a pressure of 
14*7 lb. per sq. inch, the question arises as to why 
hollow bodies are not crushed by such a pressure. 

Why is the lid of a cardboard box, for example, 
not crushed in by this pressure ? The answer is, 
because the air inside the box has the same 
pressure as the air outside it. But for tliis the box 
would collapse at once. In a celebrated experiment 
made at Magdeburg by Otto von Guericke, the 
inventor of the air pump, two metal hemispheres 

of 22 inches diameter with flanged edges were , _ 

fitted together (Fig. 84), and the air pumped out. Magdeburg 
The force thrusting them together due to external heruisphercs, 
atmospheric pressure was then so great, that it 
i.s said that teams of horses were required to pull them apart. 

In finding the pressure on the base of the cylindrical vessel in 




90 


DTTNAMICS ANT> FROPERTIES OF MATTER 


Fig. 64 the atmospheric pressure was neglected. This is correct, 
because the latter acts on both sides of the base. The pressure 

inside the vessel at A (Fig. 85) is that due to 
P the column of liquid AB plus that due to the 
air column BC extending from B to the upper 
limit of the atmosphere. The pressure outside 
the vessel at A is equal to that at D, which is 
on the same level as A, that is, it is equal to 
the pressure given by the air column DF ex¬ 
tending to the upper limit of the atmosphere. 
E Since the weight of the air in the portion DE 
can be neglected, the pressures due to the two 
air columns are the same. Hence the excess 
of pressure or resultant downward pressure 
^ inside the vessel at A is that due to the column 
Fio. 85. of liquid AB. 

In the same way the thrust on the side of 
a rectangular box containing liquid and the position of the centre 
of pressure of the side are unaffected by the pressure of the 
atmosphere, for the latter is the same in both directions. 

Watt’s Hydrometer. —Fig. 86 represents Watt’s hydrometer, 
which consists of an inverted arms of which stand in 

beakers containing different liquids. At the top 
of the bend a piece of rubber tubing is attached, 
by which air can be sucked out of the tube. When 
this is done, the liquids rise above their levels in 
the beakers. Let the heights reached above these 
levels be h in AB and h' in CD, and let the 
densities of the liquids in B and C be p and p' 
respectively. Let P be the atmospheric pressure. 

Then, since the pressure is the same inside the 
tube at A as inside the tube at D, we have 

P~hgp = P~h'gp' 

which gives hgp=h'gp' 

p h' 

OT d'~ h 86.-Watt’9 

^ hydrometer. 

the same result as was obtained with the u -tube 

on p. 78, namely, that the densities of the liquids are inversely 

as the heights of the columns. 

If a is set up in an erect position and half filled with 

mercury, the liquid comes to the same level in both arms of the 
tube. If the end of one arm has a piece of rubber tubing attached 
and we blow into it, the mercury sinks in this arm, the difference 
of level in the two arms in cm. of mercury being equal to the 
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excess of the pressure of the lungs over the atmospheric pressure. 
Also, if the rubber tubing is connected to the gas supply, the 
difference in level gives the excess of the pressure of the gas above 
atmospheric pressure. 

Boyle’s Law. —This law is stated as follows : \ ’ 

The pressure of a given quantity of gas varies 
inversely as its volume^ provided that the temperature 
remains constant. 

If p denotes the pressure and v the volume, 
the law may be stated as p varies as l/i>, or 

pv=c 

where c is a constant. Let m denote the mass of 
the gas and p its density. Then p =mfvt v =mlpt and 

m c 

p—=c or p = — p 

P ^ 

Hence we may state the law in the alternative form : 

The pressure of a gas varies as its density^ ^ 

provided that the temperature remains constant. n 

Boyle published a work proving the law in D 
1662. Fig. 87 represents one of the arrangements I 

he used. A long glass (J-tube was set up verti- I 

cally, one of the limbs of which was much shorter 
than the other ; the end of the shorter limb was 
closed and the other end was open. Mercury was 
poured in at the open end, so as to enclose a 87.— 

column of air AB. The pressure is the same at the Boyle’s tube, 
two points B and C on the same level; hence the pressure of the 
enclosed air is tliat due to the atmosphere plus that due to 
the column CD. Various quantities of mercury were poured into 
the tube, and the corresponding positions of B and D noted. 
The following table gives the results of one of the experiments : 
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The first column gives AB, the length of the air column, 
measured in inches. This was proportional to the volume of the 

air. The second column gives 
CD, and the third was obtained 
by adding 29 y%, the height of the 
barometer in inches, to the second; 
it gave the pressure of the air in 
inches of mercury. The fourth 
column is what the pressure 
should have been, if the law were 
strictly true. It will be observed 
from the maximum value of CD 
in the table, that the tube must 
have been about eight feet long. 

The agreement is not good accord¬ 
ing to modern standards, but the 
results are, of course, of historic 
interest. 

Fig. 88 represents a form of 
apparatus much used in schools 
for verifying Boyle’s Law. The 
two glass* tubes can be fixed in 
different positions on opposite 
sides of a vertical wooden scale. 

Their lower ends are connected 
by a piece of rubber tubing. The 
verification is carried out in the 
same manner as with the (J-tube 
already described, but this apparatus has the 
advantage over the (J-tube, that the volume 
is altered by altering the relative position of 
the two tubes. It is not necessary to pour 
in more mercury. Also it can be used for 
pressures below as well as above atmospheric 
without changing the quantity of mercury in 
the apparatus. 

Fig. 89 represents an arrangement known 
!Mariotte’s apparatus, which is used for 



Fig. 88.— 
Boyle's law 
apparatus. 


as 



verifying Boyle’s Law for pressures less than 
atmospheric. It consists of a tall glass 
cylinder containing mercury into which dips 
a straight glass tube BC closed at its upper 
end and about 36 inches long. The tube BC 
is first filled about two-thirds full of mercury; then the end is 
closed with the finger and it is inverted with the end below the 
surface of the mercury at D. The pressure of the enclosed air is 


apparatus. 
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then less than atmospheric by the height of the column AB. The 
tube is lowered into the cylinder, and corresponding lengths of 
AC and AB measured ; the length AC is found to vary inversely 
as the pressure. 

Boyle’s Law is called Mariotte’s Law on the Continent, because 
Mariotte announced the discovery of the law fourteen years after 
Boyle, without, it is said, being aware of Boyle’s work ; it is, 
however, not certain that his discovery was an independent one. 

Accuracy of the Law.—Since Boyle’s time the law has been tested 
for different gases over a wide range of pressures. The most extensive 
range was that employed by Amagat, who worked up to 3000 atmo¬ 
spheres. To produce the pressure he used a steel tube which extended 
up the shaft of a coal mine to a lieight of 330 metres. A pump was 
employed to force mercury in at the lower end of the tube, until it 
began to run out at one of a series of stopcocks which were inserted at 
measured intervals up the tube. 

The result of these investigations has been to show that the law is 
not absolutely true. Gases are not compressible enough at very high 
pressures, and different gases behave differently as regards their 
deviations from the law. The permanent gases obey it best. As an 
example of the magnitude of the deviations from it the case of hydrogen 
may be cited ; when the pressure of this gas is increased from 1 to 1000 
atmospheres, the product pv instead of remaining constant increases 
continuously to one and three-quarter times its initial value. 


Short Mercury Column.** —This is the name given to a 
simple experiment which is often performed as an illustration of 
Boyle’s Law. 

A thin tube of soft glass of about mm. internal diameter is 
taken, and a thread of mercury drawn into it. One ^ 
end of the tube is then sealed off in the bunsen flame. 

The tube is next held erect in the two positions shown 
in Fig* 90, first with the closed end A up, then with 
it down. The tube is narrow enough to prevent the 
column from breaking, but wide enough to permit of 
the easy motion of the column as a whole up and 
down it. Let P be the atmospheric pressure. When 
the closed end is up, the pressure on the enclosed air 
is equal to P less the pressure due to a column of 
mercury BC high, and the enclosed air consequently 
expands. When the closed end is down, the pressure 
on the enclosed air is equal to P increased by the 
pressure due to a column of mercury EF high, and 
the enclosed air contracts. Its volume is proportional 
to the length of the air column. Hence, applying Boyle’s Law, 

(P—BC)AB=(P +EF)ED 


B 




O 

Fig. 90. 
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which gives 


BCxABH-EFxED 
AB—ED 
BC(AB+ED) 

AB—ED 


since EF=BC. If the lengths AB, BC, and ED are measured, 
P can be calculated to about ^ cm. of mercury. 


Diving Bell.—The diving bell is a heavy 
iron vessel open at the bottom, which is 
lowered into water and used for laying the 
foundations of piers and similar work. In 
former practice it took down with it only the 
air which it contained when above the surface, 
and when it reached the bottom, the water 
had risen inside it, as shown in Fig. 91. The 
pressure is the same at the two points A and 
B on the same level, and the pressure of the 
air inside is greater than atmospheric pressure 
by that due to the column BC. Hence, if H is 
the lieight of the water barometer, it follows 
from Boyle’s Law, that 

volume of air H 

volume of bell H+BC 

and if BC is 17 ft., the water will have risen 
one-third of the way up the bell. 

Nowadays air is pumped into the bell from the surface through a 
tube. Besides giving the workmen fresh air tliis arrangement forces 
down the level of the water to the bottom of the bell ; then the air 
escapes in a stream of bubbles to the surface. 

Height of the ** Homogeneous Atmosphere.**—Since the pressure 
at a point in the atmosphere is due to the weight of the superincumbent 
air, it decreases as we ascend. On the top of Mont Blanc (15,781 ft.) 
it is only 38 cm. According to Boyle’s Law the density is proportional 
to the pressure, if the temperature is constant. Hence, if we neglect 
the difference of temperature, the density of the air at tlie top of Mont 
Blanc is only half as great as the density of the air at the foot. Thus the 
density diminishes as we ascend, and there is no definite limit to the 
atmosphere corresponding to the surface of a sheet of %vater. A balloon 
carrying instruments only has gone up as high as 19 miles, and there 
is sufRcient air at a height of 45 miles to reflect the rays of the sun at 
sunset. ' 

Let us, however, assume that the atmosphere has the same density 
the whole way up and then ceases abruptly, and apply the same formula 
for the pressure at the foot as holds for a column of water, namely 
p=hgp. If we substitute in this formula, p=76 cm. and p=0*0012G3 
gm./c.c., its value for air at O’’ C. and a pressure of 76 cm., we obtoin 

. p 76x13*6x9810 _ 

"“gp “9810x0001293‘^™* 

Eapproximately 8 km, or 6 miles. 
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This result is known as the height of the homogeneous atmosphere. It 
is the height of a hypothetical atmosphere of constant density, which 
would give the same pressure and density on the earth’s surface, as the 
real atmosphere does. The tops of the Himalayas would project 
above it. 

Bxample:.— The tube of a barometer has a cross-sectional area of 
1 cm.*, and when the column stands at 74 cm., 2 c.c. of air at atmo¬ 
spheric pressure are passed up the tube. How far is the surface of the 
mercury depressed, if initially it was 10 cm. below the closed end of the 
tube ? ^ The tube stands in a dish containing mercury the level of 
which is not affected appreciably when the air enters. 

Let X cm.=depression of surface. Then x represents the pressure 
of the enclosed air. Its volume is lO+a;. Hence, applying Boyle’s 
Law, 

2x74=(10-l-x)aj 
a5*-M0aj —148=0 

which gives a;=8’15 cm., the other root being inadmissible. 

Force exerted by a Jet.—Hitherto we have considered only the 
pressure due to stationary columns of liquid or gas. We shall now 
consider the pressure due to a moving column. 

Let us suppose that a horizontal jet of liquid of density p 
impinges against a metal plate with velocity v (Fig. 92), that the 



Fig. 02. 93. 


cross-sectional area of the jet is a, and tliat after impact the jet 
flows off in a direction parallel to the surface of the plate. Then 
in one second a column of liquid of length v reaches the plate. 
Consequently the mass arriving per second is pav. Its momentum 
is pavK This rnomentum is destroyed by the plate. Thus the 
rate of destruction of momentum per second is pav^. and this is 
th-® force exerted by the jet on the plate. 

■ ■ “ the surface of the plate is curved, as in Fig. 98. so that the 

liquid slides round it and leaves with a velocity v in the direction 
opposite to that in which it arrived, in addition to the momentum 
destroyed momentum is created in the reverse direction at the rate 

this case 

2pav . In the Pelton wheel, which has replaced the old-fashioned 
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water-wheel for so many purposes, the blades consist of cup-shaped 
pockets which give the water a velocity in the direction opposite 
to that in which it arrives. 

Let us suppose now that instead of a jet of water we have a 
horizontal stream of air directed against a plane the surface of 

which is inclined 
at an angle 6 to 
the horizontal 

(Fig. 94). In this 
case the air after 
impact flows along 
the surface of the 
plane as shown in 
the figure, so that 
Fio. 94. if represents 

the momentum 

incident per second, it is only the component AC which is destroyed. 
AC consequently represents the force exerted on the plane in 
magnitude and direction. Its magnitude is pau® sin d. It h^ a 
horizontal component pav^ sin^ 6 called the drift and a vertical 
component pav^ sin 0 cos 6 called the lift. The drift tends to 
push the plate backwards in a horizontal direction, the lift to 
raise it vertically. 

Fig. 94 gives the action of the wind on a kite. The force 
exerted by the string, not shown in the figure, has two com¬ 
ponents, a horizontal and a vertical one. The horizontal one 
neutralises the drift ; the vertical one and the weight of the kite 
together neutralise the lift. 

Fig. 95 is a plan of a lug-sail boat sailing across the wind, the 
direction of the latter being represented by the line WA. We 
shall suppose that 
after reaching the 
sail, it slips along 
the front of it 
towards the stern ; 
thus if AB repre¬ 
sents the rate at 
which momentum 
is arriving, it is the 
component CB Fio. 95.—Action of wind on a sail. 

which represents 

the rate at which it is destroyed and consequently the force on 
the sail, llesolve this force into components CD and DB perpen¬ 
dicular and parallel to the keel of the boat. Then the component 
DB makes the boat go, while the component CD causes leeway. 

If in Fig. 94 we superimpose on the diagram a velocity ® 
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towards the left, we get the case of the aeroplane. The air in 
front of the plane then receives momentum at rates represented by 
AD and BA, i.e. at the resultant rate BD. Consequently DB 
represents the force exerted on the plane by the air. This resolves 
as before into the lift and the drift, the lift balancing the weight 
and the drift being neutralised by the thrust of the propellers. 
As the lift is represented approximately by pav^ sin 6 cos 0 or 
\pav^ sin 2^, it follows that the greater u, i.e. the faster the plane 
goes, the smaller the angle which its surface must make with the 
horizontal. 

Torricelli’s Theorem. —If a hole be made in the side of a tank 
containing liquid, as shown in Pig. 

96, the velocity of efflux of the jet 
is given by 

=2gh 

where h is the depth of the liole 
below the surface. The result is 
known as Torricelli’s theorem. 

It may be proved very simply 
from the principle of energy. For 
suppose that the level of the surface 
is maintained by allowing liquid to 
flow in at the top ; the liquid con¬ 
sequently goes from A to B. Con- 
side.r a mass m. At A it is moving slowly and its kinetic energy 
can be neglected. At B it is jmu®. Now the loss of potential energy 
in going from A to 13 is mgh. Hence equating potential energy lost to 
kinetic energy gained, 

mgh^\mv* 
v^ = 2gh 

The jet when it issues is not cylindrical in form. The 
stream lines converge inside the vessel, and this convergence 
continues until a point is reached where the cross-sectional 
area of the jet is a minimum (Fig. 97). This part of the 
jet is called the vena contracla. At the vena contracta the 
jet is approximately cylindrical. The area of the vena 
contracta depends on the nature of the hole and on whether 
it is fitted with a mouthpiece or not j in the case of a 
simple circular liole in a thin wall the area of the vena 
contracta is found by experiment to be about O-G‘2 times 
the area of the hole. It is at the vena contracta that the 
velocity is given by Torricelli’s theorem. 


whence 



07.— 
Vena 
contracta. 



Examples IX 

1. The height of the mercury barometer is 752 mm., and the density 
of mercury is 13*G gm./c.c. What is the height of an oil barometer in 
which oil of density 0-845 gm./c.c. is used ? 


E 
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2. A vertical tube closed at the top is full of water and its lower 
end stands in water, the surface of the water being lO ft. below the 
closed end of the tube. What is the pressure of the water against the 
top of the tube, given that the water barometer stands at 33 ft. ? 

3. A man takes a pocket aneroid up a mountain. At the foot it 
registers 29 O inches, at the top 26-8 inches, but on descending to the 
foot again he finds it gives 28-7 inches. He takes 3 hours to go up 
and to come down. What is the height of the mountain ? 

4. A “ sucker consisting of a disc of leather 3 inches in diameter 
with a string attached to its middle is moistened and stuck on the 
pavement. With how many lbs. wt. does the atmosphere press down 

on it ? , 

5. A U-tube is half filled with mercury and a piece of rubber tubing 
attached to one end of it. A man blows into the tubing, and creates a 
difference of level in the two limbs of the tube of 4 cm. What pressure 
is he exerting in dynes/cm.® ? 

6. Rewrite the first and second columns of the table on p. 91 in 
decimals, and graph the reciprocal of the first against the second. 
Hence determine the atmospheric pressure. 

7. The volume of a quantity of gas is 159 c.c. when the barometer 
stands at 72 cm. What is it at standard pressure ? At what pressure 
would it have a volume of 200 c.c. ? 

8. A piston is situated in the middle of a cylinder 12 inches long, and 
there are equal quantities of air on each side of it. The piston is 
pushed down until it is an inch from one end. What is then the ratio 
of the pressures on the two sides ? 

9. A tube 150 cm. long, closed at one end, is half filled with mercury 
and is then inverted with its open end just dipping into a mercury 
trough. No air escapes from the tube, and the barometer stands at 
75 cm. What is the height of the mercury inside the tube ? 

10. A barometer has a little air in the space at the top of the mercury 
column, and as a result reads 28 inches when it ought to read 29 inches, 
and reads 29 inches when it ought to read 30-2 inches. W^hat is the 
correct value of the atmospheric pressure when it reads 29-4 inches ? 

11. A column of mercury 8 cm. long is introduced into a thin tube, 
and one of the ends of the tube scaled off in a bunsen flame enclosing 
a quantity of air between this end and the mercury. After the tube 
has cooled to the temperature of the room, it is suspended with its 
closed end up, and the length of the air column is found to b#- 10 0 cm. ; 
when it is suspended with the closed end down, the length of the air 
column is 161 cm. Find the atmospheric pressure. 

12. If in the previous question the atmospheric pressure had been 
73 cm., the length of the mercury column 12 cm., and the length of 
the air column 15 cm. when the closed end was down, what would it 
have been when the closed end was up ? 

13. A cylindrical diving bell 8 ft. in height is lowered until the top 
of the bell is 12 ft. below the surface. The height of the mercury baro¬ 
meter is 30 inches. How high will the water rise inside the bell ? 

14. A hole is made in the side of a tank containing water 40 cm. 
below the surface. Calculate the velocity of efflux. 
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PUMPS 


Air Pump. —The air pump is an instrument used for increasing or 
decreasing the pressure of gas in a vessel. It was invented by 
Otto von Guericke in 1650. It is 
represented in its simplest form in 
Fig. 98. R is the receiver or glass 
vessel to be exhausted. It consists 
of a bell-jar with a carefully ground 
edge, which is smeared with lard, 
and rests on a flat metal plate, 
making an air-tight contact. T is 
the tube connecting the receiver to 
the pump ; S is a stopcock. The 
pump itself consists of a cylinder 




T S 

Fig. 98.— Simple air pump. 




in which a piston fits air-tight. There is a hole in the piston, 
closed by the valve A, which opens upward. The end of the 
tube from the receiv'er is closed by a valve B, which also opens 
upward. When the piston descends, the valve A opens, the 
valve B closes, and all the air in the cylinder is forced out into 
the atmosphere. On the upstroke the valve A closes, the valve 
B opens, and some air is sucked out of the receiver through the 
tube into the barrel of the air pump. On the next downstroke 

this air is forced out into the 
atmosphere. And so on ; every 
double stroke of the piston removes 
some more air, until finally the 
pressure of the air left in the re¬ 
ceiver is not sufficient to lift the 
valve B. 

The stopcock S is shown on a large scale in Fig. 99. As 
shown in the diagram it is set for exhausting the receiver. 
When the vacuum is as good as can be obtained, the stopcock 
is turned through 90® in the direction of the arrow. This 
closes the receiver and prevents air leaking into it through the 
pump ; at the same time it puts the barrel of the pump into 
communication with the atmosphere. If the cock is turned 


Pump 





Receiver* 

zr 


Fig. 99. 
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tlirough a further 90®, the receiver is put into communication with 
the atmosphere and the vacuum destroyed. 

In another form of the pump there are two barrels each with a 
piston, both operated by the same lever. When the one piston 
descends the other rises, and thus a more uniform withdrawal of 
the air is obtained. 

Calculation of the Theoretical Vacuum. —The theoretical 
value of the pressure of the gas left in the receiver after n double 
strokes may be calculated as follows : Let p be its initial value, 
let V be the volume of the receiver and the tube connecting it 
to the pump, and let v be the volume of that part of the barrel 
swept through by the piston during a stroke. If we start with 
tlie piston at the foot of a stroke, the volume of the gas is V ; 
after an upstroke it becomes V -\-v. During the downstroke the 
volume V is expelled. Hence the fraction 

V 

V-i-u 

of the original mass is left. At the end of the next upstroke the 
gas has again expanded to V -f-u ; the same volume v is again 
expelled in the downstroke, and consequently after two complete 
strokes the fraction 



of the original mass is left. Similarly after n complete strokes the 
fraction 


( 


V 

V+u 



of the original mass is left, and since by Boyle’s Law the pressure 
varies as the density, which in this case varies as the mass, we find 
that after n complete strokes the pressure is 


Theoretically an absolute vacuum is impossible, for (V/(V+t;))* 
does not become zero, though it becomes very small for large 
values of n. But when it becomes small, owing to leakage and 
to the piston not descending accurately to the foot of the barrel, 
the exjjression ceases to represent the pressure. 

Manometer.—Fig. lOO shows a type of manometer or pressure 
gauge often used for measuring the diminution of pressure pro¬ 
duced by the pump already described. It consists of a IJ-tube 
closed at the end G and filled with mercury to the closed end, the 
sides of the tube being about 3 inches long. It is placed inside 
the receiver or, more usually, in a cover of its own connected with 
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the receiver. Let us suppose that the free surface is inches 
below the closed end. Then as long as the pressure in the receiver 
is more than 2^ inches, the gauge shows no change. q 
B ut, when the pressure falls below this value, the ^ Qg 

mercury column comes away from the closed end I D 

leaving a vacuum there, and the difference of level | [ 

in the two arms of the tube gives the pressure in 11 
the receiver. For a perfect vacuum the mercury I B 

should stand at the same level in each branch. I || 

Toepler Pump. —The mechanical pump just de- I .11 

scribed does not give a good vacuum owing to the 
valves leaking slightly. Also when the pressure falls lOO — 

below a certain value, it is unable to open the valves. Manometer 
Hence to obtain high vacua other types of pump must 
be used. A great amount of ingenuity has been expended in 
devising high vacuum pumps, especially in recent years. 

The Toepler is perhaps the best known high vacuum pump. 
It has been in use for many years. In its simplest form it consists 

of a glass vessel A (Fig. 101) to which 
there are attached two vertical barometer 
tubes BC and DE, botli about 32 inches 
long. BC is connected by a piece of 
rubber tubing with a reservoir F contain¬ 
ing mercury, which can be raised and 
lowered. DE dips into a vessel containing 
mercury. The tube G leads to the vessel 
to be exhausted. 

In order to work the pump the vessel 
F is first raised ; this causes the surface 
of the mercury to rise inside the tube BC, 
scaling up the side tube BG and driving 
the gas in A before it down DE and out 
into the atmosphere. It is then lowered ; 
a vacuum forms at D, the level of the 
mercury sinks below B, and immediately 
some of the gas to be exhausted rushes in 
from BG and fills the vacuum. F is then 
raised so as to fill A with mercury and 
Fio.ioi. —Toepler pump, drive the gas out again through DE. 

During each cycle the pressure of the gas 
is reduced by the same fraction of its value. The mercury here 
plays the part of the piston and valves in the mechanical pump. 
It collects in E as a result of the operation of the pump, and has to 
be poured back into F. 

The disadvantage of this pump is that it is laborious and slow 
in action. But it is simple, and there are no leakages and no valves 
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to operate. It can reduce the pressure in the course of time to 
tile vapour pressure of mercury, about 0-0007 mm. of mercury at 
room temperature. 

“ Hyvac ” Pump.—This is one of the best modern pumps, and it is 
used in the manufacture of wireless valves. X-ray tubes, and 
incandescent lamps, as well as for experimental purposes. A is a rotor 
mounted eccentrically on a shaft which passes through the centre of 
the cylindrical casing (Fig. 102). C is a vane which moves in a vertical 



(») (6) (C) trf) 

Fig. 102.—Principle of Hyvac pump. 


m 
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direction, and is kept pressed against the surface of the rotor by a 
spring which is not shown in the diagram. The vessel to be exhausted 
is connected to the inlet tube K. L is the exliaust valve, shown 
diagrammatically. 

When the rotor is in position a, 
the whole space H is in communica¬ 
tion witli the vessel to be exhausted. 
Wlien position b is reached, space H 
has diminished in volume, and space 
J has opened up behind it, and is in 
communication with the vessel to be 
exhausted. H is further contracted 
in position c, and in position d the 
air in H is compressed so much, 
that it lifts the valve and is pushed 
out. The same cycle is then gone 
through with the air in J. 

Usually two cylinders are con¬ 
nected in series, the first raising the 
pressure to an intermediate value 
and the second to atmospJieric 
pressure. Fig. 103 shows in outline 
the arrangement of such a two-stage 
Fig. 103.—Two-stage Hyvac pump. pump. The two rotors are on the 

same shaft. They are immersed in 
a cast-iron box filled with oil to prevent air leakage into the high 
vacuum, and are rotated by an electric motor. Such a pump produces 
an X-ray vacuum from atmospheric pressure in a few minutes. 
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Fig. 104.^ 
Filter pump. 


Filter Pump. —Fig. 104 represents another type of pumn, the 
filter pump or water pump. It is usually made of glass. The 
tube A is connected by a piece of rubber tubing to 
a water pipe, and the side tube B by a piece of rubber ^ 
tubing to the vessel to be exhausted. The water 
issues from the glass nozzle C at a very high speed, 
and escapes by the tube D carrying out some of the 
air with it. Consequently air is sucked in through 
the opening B. The filter pump is never employed 
when a good vacuum is required, but it is convenient 
and economical, working without any attention at 
aU. 

Compression Pumps. —So far we have described 
only exhaustion pumps. The mechanical pump 
represented in Fig. 98 acts as a compression pump, if 
the valves A and B are arranged so as to work the 
other way, so that A closes on the downstroke and 
B closes on the upstroke. 

The commonest example of a compression pump is the bicycle 
pump. In this pump the piston consists of a cup-shaped piece of 
leather clamped to a piece of metal of slightly smaller diameter 
than the barrel. When the piston forces the air into the tyre, the 
leather is pressed up against the side of the barrel, and so the air 
does not pass it. When the piston is drawn back, the leather 
leaves the side of the barrel, allowing the air to pass. The 
arrangement is called a cup valve. There is no other valve in the 
pump, the other valve necessary to the working of the arrange¬ 
ment being on the tyre. The pump is not an efficient one ; in 
addition to leakage in the valve and the connecting tube there is 
the loss due to “ untraversed space,” that is, due to the piston 
not sweeping out the air in the connecting tube. 

Fig. 105 shows a section of the valve of a bicycle tyre. 
The air entering at A forces up the rubber tubing at B 
and passes into the tyre at C. But the air in the tyre 
presses the rubber tubing against the opening at B, and 
so cannot get out. In some pumps a piece of oiled silk 
is stretched across an opening, and is raised by the air 
in much the same way as the rubber is raised in the 
bicycle valve. Sometimes a valve consists of a small 
steel ball resting in a conical cup with a hole in its 
bottom. 



Common Suction Pump or Lift Pump.—Fig. 106 represents 
the lift pump which has been used from ancient times for raising 
water out of wells, etc. A represents the level of the water in the 
well. From A a vertical pipe AB leads to the barrel of the pump. 
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At B there is a valve opening upwards ; at C there is a valve in 
the piston also opening upwards. 

Initially the water stands at the same level 
at A both inside and outside the pipe. During 
the first strokes, therefore, the pump acts as an 
air pump, removing the air from the pipe AB 
and sucking up the water, until it reaches the 
barrel of the pump. Then on the do^vnstroke 
the valve B closes, and C opens ; consequently 
the water passes from below to above the piston. 
On the upstroke the valve B opens and the 
barrel fills again with water, while the valve C 
closes, and the water already above the piston is 
lifted up and escapes by the outlet at D. 

Since the pump acts at first by creating a 
vacuum in the barrel and so letting the atmo¬ 
spheric pressure force the water up the pipe AB, 
the pump should not work if AB is greater than 
34 ft., the height of the water barometer. Owing 
to mechanical imperfections the limit is less 
than this, namely about 28 ft. Pouring in a 
little water at the top makes the valve C and 
the contact between the piston 
and the side of the barrel more 
air-tight, and assists greatly in starting the pump. 

Force Pump. —Fig. 107 depicts the force 
pump. It differs from the suction pump in having 
no valve in the piston, in having the outlet at the 
foot of the barrel, and also in having a valve D 
opening outwards at the outlet. 

Initially the pump works as an air pump, 
until the level of the water reaches the barrel. 

Consequently it is subject to the same limitation 
as the suction pump, i.e. AB must be less than the 
water barometer. Then, when tlie water reaches 
the barrel, on the downstroke the valve B closes 
and D opens, and the piston forces the water up 
the tube DF ; on the upstroke D closes, B opens, 
and the barrel fills with water. 

The force pump is used when the water has to 
be delivered at a point higlier than the position of io 7 —l»^rce 
the pump itself, as, for example, in the case of 
the fire engine. The latter consists of a double- 
barrelled force pump, the downstroke in the one barrel corre¬ 
sponding to the upstroke in the other. It is capable of forcing 
a jet of water to the top of a high buildiug. 


t'lG. 100.—Lift 
pump. 
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Example. —The radius of the barrel of a lift pump is 3 inches. The 
piston is 15 ft. above the surface of the water in the well, and the height 
of the column of water above the piston is 2 ft. Find in lb. weight 
the force necessary to sustain the piston in its position. 

Let X be the height of the water barometer. The pressure on the 
under side of the piston is equal to a head of a? —15 ft. of water. The 
pressure on the upper side is equal to a head of x~^2 ft. of water. The 
difference of pressure is (a;-i-2) —(a:—15) =17 ft. of water. The force is 

17xG2-4X7r(i)2=208-3 lb. 

Siphon. —The siphon is an arrangement for draining off the 
upper layers of liquid in a vessel without disturbing the lower 
layers, or for emptying a vessel that cannot be overturned. It 
consists of a bent tube, one arm of which is longer than the other. 

Let us sup^se that it is to be used for removing water from 
the vessel in Fig. 108. It is first filled with water, the ends 
being closed with the fingers, and placed in 
the position shown in the figure. The ends 
are then opened, and a steady stream of 
water flows through the tube from A to D. 

In order to understand the action of the 
siphon consider two points B and C in tlie 
tube at the top of the bend. Let h be the 
height of B above the level of the surface at 
A, let h' be the height of C above the level of 
the surface at D, let H be the height of the 
water barometer, and suppose the liquid in 
the tube for an instant at rest. Then the 
pressure at B calculated from the end A is 
H —h cm. of water, while the pressure at C 
calculated from the end D is H— h' in cm. 
of water. If we consider the element of liquid between B and 
C, the pressure on the end B exceeds the pressure on the end C 
by (H— h) —(H— h') or h' — h. Hence the liquid will flow from 

B to C and down to D, while the atmospheric pressure forces more 
liquid into the tube at A. Thus a steady stream is maintained. 

The siplion works as long as h’ is greater than 1u Also it is not 
necessary for the end D to dip below a surface of water ; the water 
may issue from D as a jet. In that case K is measured from the 
end of the tube. The siplion would not work if h were greater 
than H, for in that case a vacuum would form at the top. 

McLeod Gauge.—The M‘Leod gauge is a pressure gauge used for 
measuring low pressures, such as exist in an electric light bulb. It 
consists of a glass bulb (Fig. 109) to the top of which is joined a 
narrow bore tube B sealed at tlie end. The tube CD leads to the vessel 
the pressure in which is to be measured. At the lower end of the tube 
Cli is attached a rubber tube which communicates with the mercury 
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reservoir F. The volume V of the bulb and narrow tube from C to 
the closed end is known from a previous calibration, as are also the 

volumes of the narrow tube between the graduations 
on the scale. 

Let us suppose that the reservoir is raised 
slowly, until CB is just sealed off. The product of 
pressure and volume for the gas in CB is then pV, 
where p is the pressure to be measured. The 
reservoir is then raised further until the mercury 
occupies some such position as that shown in the 
Fig. The volume v occupied by the enclosed gas is 
now very much smaller. Let h be the difference in 
level of the mercury in the two tubes. The pressure 
of the gas in the tube D is practically unaltered by 
the change, since the additional volume occupied 
by the mercury in that tube is small compared 
with the volume of the vessel sealed on at its end. 
Hence the pressure of the gas imprisoned in the 
narrow tube is now p-\-hy and the product of its 
pressure and volume is {p+h)v. Consequently by 
Boyle’s law 

pW=ip-\-h)v 

whence P = , — 

V —o 



Fig, 109.— 
McLeod gauge. 


Examples X 

1. To what fraction of its original value has the pressure fallen in 
a theoretically perfect air pump after 10 strokes, if the volume of the 
receiver is four times that of the barrel ? 

2. After five complete strokes the density of the air in the receiver 
of an air pump is 5 of its original value. What is the ratio of the 
volume of the receiver to the volume of the barrel ? 

3. The receiver of an air pump has a volume of 1400 c.c., and it 
contains air of density 0 001203 gm./c.c. at normal pressure. The 
pump is worked until the density of the air is reduced 30 per cent. 
Find tlie mass of tlie air removed. 

4. Air is forced into a vessel by a compression pump, the barrel of 
which has -jV the volume of the vessel. Calculate the density of the 
air in the vessel after 15 complete strokes. 

5. The tube of a lift pump is G yards high. The cross-sectional 
area of the barrel is 12 times that of the tube, and the length of stroke 
of the piston 18 inches. To what height will the water be raised in 
the tube by the first upstroke ? The air inside the pump is originally 
at a pressure of 30 inclics of mercury, and the piston is originally at 
the foot of the barrel. 

6. Would a siphon flow in a vacuum ? 

7. In a M‘Leod pressure gauge V = 50 c.c.; in measuring the pressure 
in an exhausted vessel h was 6 mm. and v was 0-3 c.c. Find the 
pressure. 


CHAPTER XI 


PRINCIPLE OF ARCHIMEDES-SPECIFIC GRAVITY 

The Principle of Archimedes. —Let us suppose that a liquid 
is at rest and that a certain portion of it, bounded by the closed 
surface P indicated in Fig. 110, suddenly becomes rigid without 
change of density, i.e. suddenly becomes 
a solid. Then this solid is still in equi¬ 
librium with the rest of the liquid. Now 
it is acted on by (i) its own weight verti¬ 
cally downwards ; (ii) all the pressure- 
forces exerted by the rest of the fluid at 
right angles to its surface and indicated Fig. iio. 

by the arrows in the diagram. Since the 

solid is in equilibrium, these pressure-forces must have a resultant 
equal and opposite to the weight. 

Let us suppose now that the solidified liquid is removed, and 
that in its place we have a solid body of exactly the same shape. 
Then the pressure-forces on its surface are the same as on the sur¬ 
face of the solidified liquid. Consequently the liquid exerts 
an upward force on it equal to the weight of the liquid it displaces. 
If it is heavier than the liquid it displaces, it will sink, and if it 
is lighter than the liquid it displaces it will float. 

Let us suppose now that the portion of liquid which becomes 
solidified is bounded partly by the surface of tlie liquid (Fig. 111). 

The resultant of all the pressure-foices 
exerted by the rest of the liquid on the 
solidified part is still equal and opposite to 
its weight. If we suppose the solidified 
part replaced by a solid body, which has 
exactly the same shape below the surface 
of the liquid as the solidified part has, 
then the upward force exerted by the 
liquid on the solid is equal to the weight of the solidified part, i.e. 
to the weight of the liquid it displaces. 

We arrive therefore at the following result : 

If any body is wholly or partially immersed in a fluid, it is acted 
on by an upward force equal to the weight of the Jluid it displaces. 
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This result is known as the principle of Archimedes. It is 
a consequence of the laws of fluid pressure. 

It is said that Hiero, tyrant of Syracuse, ordered a gold crown, but 
suspected that the goldsmith had used silver as well as gold in its 
composition. He asked Archimedes to discover if this were the care 
without, of course, destroying the crown. Noticing the loss of weight 
of his own body in his bath, when pondering on the subject, the 
thought suddenly occurred to Archimedes that all bodies would lose 
weight in this way. Hence the name of the principle. Having grasped 
the principle he had no difficulty in understanding the nature of 
specific gravity and in determining its value for the crown. 

Experimental Illustration. —The principle is illustrated 
by a well-known class experiment in which two cylinders A and 

H are used (Fig. 112) ; B is of solid brass, and 
A is hollow and of such a size that B can just 
fit inside it. B is attached by a hook to the 
bottom of A, and A is suspended from one of 
the arms of a balance. Weights are then placed 
in the other pan until the balance is in equi¬ 
librium. A vessel containing water is then 
raised from below, so as to immerse B com¬ 
pletely, and the other side of the balance goes 
down at once. When water is poured into A 
so as to fill it to the top, equilibrium is once 
more restored. 

Thus the loss of weight experienced by B 
when immersed in water is equal to the weight 
of water contained by A, i.e. to the weight of 
the water displaced by B. 

The principle of Archimedes applies to gases 
as well as to liquids. Thus all bodies immersed 
in the atmosphere experience an upthrust equal 
to the weight of air they displace. As the 
density of air is small, being only 1-293 gm. per 
litre when dry, at atmospheric pressure and at 
0° C., this upthrust can usually be neglected in 
comparison with the weight of the body. The 
weight of large volumes of air is, however, by 
no means negligible. Thus a room 14 ft. long, 
9 ft. broad, and 10 ft. high contains under standard conditions 
about 102 lb. of air. It is the upthrust due to the weight of 
the displaced air that causes balloons and airships to float. 

Example.— An electric light bulb has a weight of 50-92 gm. The 
tip is broken off with a pair of pliers, and the weight of the lamp and 
fragment is found then to be 51-15 gm. The lamp is next filled with 



Fig. 112.—Appa¬ 
ratus for proving 
the principle of 
Archimedes. 
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water and its weight found to be 244*4 gm. Calculate the density of 
air at the temperature of the experiment. 

The volume of the air contained is 244*4 —51 15=193-3 c.c. 

Its weight = 51*15—50 02=0*23 gm. 

Hence its density =0*00119 gm./c.c. 

Buoyancy Correction.—In very accurate weighings it is necessary 
to take account of the weight of the air displaced by the body. 
The weighing is then said to be reduced to vacuo. Let W be the 
true weight of the body, i.e. its weight in vacuo, and let w be the 
true weight of the counterpoising weights. Let D be the density of 
the body, d the density of the weiglits, and o the density of the air. 
Then the volume of the body is VV/D, the volume of the weights is 
aj/d, the weight of air displaced by the body is aW/D, and the weight 
of air displaced by the weights is ozc/d. For equilibrium 



aW 

D 



aw 

~d 


Hence 


since a is small compared with D and d. 

If, for example, a wooden cube of side 3 cm. is weighed in air and 
found to be 20*50 gm., and the weights are of brass of density 8*4, 
thenze = 20 50 gm., d=8*4 gm. per c.c., D=20*5/27 nearly, i.e. 6*759 
gm. per c.c., and <7=0*001293 gm. per c.c. Thus 

“'<5 - 5 ) =20-50 X 0 001293( 

=0*0205(1*32—0*12) 

=0*0205 X 1*20 
=0*032 gm. 

and the true weight of tlie body is 0*032 gm. greater than the uncorrected 
result. The density of the air at the time of weighing would probably 
differ somewhat from the value taken above, but the difference would 
not affect the result appreciably. 



Specific Gravity. —The. density of a substance has already 
been defined as the ratio of its mass to its volume. Thus if M 
is the mass and V is the volume, the density p is given by 

M 

P —V 

On the e.g.s. system it is measured in gm./c.c., on the ft.-lb.-sec. 
system in ib./cub. ft., and its numerical value is different on the 
two systems. 

If, however, we compare the masses of equal volumes of two 
substances, the ratio is obviously independent of the system of 
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units used. The quantity of mercury which fills a bottle is 13‘6 
times as heavy as the quantity of water which fills it, no matter 
what units are used, the ratio depending only on the nature of 
the two substances. It is known as the specific gravity or 
relative density of mercury. 

Xhe specific gravity or relative density of a substance is the ratio of 
the mass of any volume of it to the mass of an equal volume of water. 

Let V be the volume, M and the masses, and p and 
the densities of the substance and water respectively. Then 


specifie gravity = 


M 

M V 
V 


P_ 

Po 


_density of substance 

density of water 

Since the density of water is unity on the e.g.s. system, the specific 
gravity of a substance is numerically equal to its density on the 
e.g.s. system. But the one quantity is a ratio with zero dimen¬ 
sions and the other has the dimensions mass over volume. On 
the ft.-lb.-sec. system the density of water is 62*43 Ib./cub. ft. 
Hence applying the equation to the case of mercury 

^ ^_density of mercury 

62-43 

and the density of mercury on the ft.-lb.-sec. system is 
13*6 X 62-43=849*0 lb./cub. ft. It is sometimes useful to 
remember that 02-43 lb. =998-9, almost 1000, ounces. 

In stating the specific gravity of gases it is usual to take 
hydrogen or air as the standard substance. 

Hydrostatic Balance. —The most obvious way of deter¬ 
mining the specific gravity of a solid is by means of the hydrostatic 
balance. This is an ordinary balance, over one of the pans of 
which is placed a small wooden bridge or stool carrying a beaker 
filled with water. The stool and beaker are arranged so that the 
balance swings without touching either of them. 

If the solid sinks in water, the beaker is removed, and the solid 
is suspended by a thread from the hook that carries the scale 
pan, so that it hangs above the stool, and its weight in air, a, is 
determined. The beaker is then inserted so that the solid is 
suspended in the water, clearing the side of the beaker, and the 
weight of the solid in water, uj, determined. The weight of the 
water displaced is consequently a — w, and the specific gravity of 
tlie solid is 


a 

a—w 
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If the solid floats in water, it is first weighed in air. Let tlie 
result be a. It is then tied to a piece of metal suHicient to sink 
it, and they are weighed together in water. Let the result be W. 
The sinker is next weighed alone in water. Let the result be s ; 
then s is greater than W. It is not necessary to know the weight 
of the sinker in air. The solid alone has an apparent negative 
weight in water equal to W — s. Thus the weight of the water 
it displaces is a-|-s—W, and its specific gravity is 

a-\-s —W 

If the solid dissolves in water, it can be weighed in another liquid 
of known specific gravity, and from its loss of weight in this 
liquid, its loss of weight in water can be calculated. 

The hydrostatic balance can also be used to determine the 
specific gravity of a liquid. In order to do this we find the weight 
of a solid first in air (a), then in water (zt>), and finally in the 
liquid (Z). The weight of water displaced is a — zv, and the weight 
of the liquid displaced a —/. The specific gravity of the liquid 
is thus 

a—I 


a—w 

The solid employed should not have a Iiigh density, otherwise 
a, Wy and I do not differ much, and consequently the differences 
cannot be obtained with such accuracy. The methods of the 
hydrostatic balance can, of course, be used with the spring 
balance. It is faster, but not nearly so aceurate as the ordinary 
arrangement. 

Specific Gravity Bottle, or Pyknometer. —The specific gravity 
bottle, which is shown in Fig. 113, consists of a 
small bottle with a carefully ground-in stopper 
which has a fine hole passing through it. It is 
used for determining the specific gravity of a 
liquid, or of a solid which is in the form of small 
pieces or a powder, and so cannot be used with 
the hydrostatic balance. 

In determining the specific gravity of a liquid 
the bottle is first dried and weighed empty, then 
filled with the liquid, and the excess which escapes 
through the hole in the stopper wiped off ; it is 
then weighed again. The difference of the two 
weighings gives f, the weight of the liquid con¬ 
tained. The bottle is then emptied, dried, filled 
with water and weighed. The difference of this weighing and 
the first one gives Wy the weight of water contained. The 
specific gravity of the liquid is then simply 



Fig. 113.— 
Specific gravity 
bottle. 
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In determining the specitic gravity of a powder the bottle is 
first dried and weighed empty. It is next filled about three- 
quarters full of the powder, and weighed again. The difference 
of this weighing and the first one gives a, the weight of the solid 
in air. The bottle is then filled up with water, care being taken 
to get rid of the air bubbles clinging to the powder, and weighed 
a third time. It is next emptied, filled with water, and weighed 
Qgain. The difference between this weighing and the third 
one gives tf, the excess of the weight of the powder over the weight 
of the same volume of water. Hence a—e gives the weight of 
the water displaced by the solid, and consequently 

a 

a — c 

the specific gravity of the solid. 

Variable Immersion Hydrometer. —The variable immersion 
hydrometer or common hydrometer is used in commerce for 

measuring the specific gravity of alcohol, milk, 
acids, and sugar and other solutions. One is sliown 
in Fig. 114. It consists of a glass tube with a 
hollow bulb B in the middle and is loaded at the 
foot A with mercury or shot, so as to float erect. 
The stem is graduated. The greater the specific 
gravity of the liquid, the higher the hydrometer 
floats out of the liquid. The specific gravity is 
given by the reading on the stem at the point 
where the surface cuts it. 

Instruments of this type are graduated by immer¬ 
sion in liquids of known specific gravity. To obtain 
great accuracy tlie stem would have to be incon¬ 
veniently long. Hence they are usually supplied in 
sets ; for example, a set might consist of seven 
instruments, one for each of the ranges 0-700-0-850, 
0-850-1-000, 1-000-1-200, 1-200-1-400, 1-400-1-600, 
1-GOO—1-800, 1-800—2-000. Also, since specific gravity 
is determined usually for some special purpose, e.g. 
for finding the percentage of alcohol in spirit, to 
save calculation the hydrometer may be graduated 
in percentage of alcohol, and not in specific gravity. 

Let V be the volume of the hydrometer below C, let 

Fig. 114 ._ ^ ^be cross-sectional area of the stem, and let h and 

Hydrometer. fi' he the lengths of stem immersed when the instru¬ 
ment is floated in liquids of density p and /a'respectively. 
Then by the principle of Archimedes the upthrusts are equal in the 
two cases, and 



P(y +ha)=p\W + 
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This gives 


1 

p' 

1 


or 


1 

P 

1 

P 




1 --* 
^\P P 


p p p(V +Art) 

on substituting for p'. Hence the difference between the reciprocals 
of the densities is proportional to the difference between the lengths 
of stem immersed. 


Nicholson*s Hydrometer. — This instrument is not very 
accurate and is used mostly for instructional purposes. It con¬ 
sists of a hollow metal cylinder B (Fig. 115) with 
conical ends, terminated at its upper end by a thin 
rod carrying a scale pan A and carrying at its lower 
end another pan C loaded with lead. Hence it floats 
vertically. On the upper rod there is a mark, and 
when in use the scale pans are always loaded, so 
that this mark is in the surface. 

Let h be the weight of the hydrometer. Then, 
in using it to determine the specific gravity of a 
liquid, it is floated in the liquid and weights I are 
added to the upper pan to sink it to the mark. It 
is then floated in water and weights w added to 
the upper pan to sink it to the mark. The weight 
of the liquid displaced is and the weight of 

water displaced k-\-zv. The volume is the same in 
each case. Hence the specific gravity of the liquid is 

h-\-l 
h-\-w 

In order to determine the specific gravity of a solid, the hydro¬ 
meter is floated in water and weights zv added to the upper pan 
to sink it to the mark. The weights are then removed, the solid 
placed in the upper pan, and weights a added to sink the instru¬ 
ment to the mark again. The difference w—a is obviously the 
weight of the solid in air. The upper pan is again emptied, and 
the solid next placed in the lower. If it floats, it is tied down. 
Weights h are then placed in the upper pan to sink the instrument 
to the mark again. The difference zv—b consequently gives the 
weight of the body in water, (zo — a)-(zv —6), i.e. b—a the weight 
of the liquid displaced by the solid, and 

zv—a 
b—a 

its specific gravity. 

The various formulae for the determination of specific gravity 
should never be memorised, but, when a numerical result is wanted, 
it should be worked out from first principles. 



c 


Fig. 115.—• 
Nicholson’s 
hydrometer. 
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Stability of Ships.—Let Fig. HO represent a section o/ a ship 
floating on an even keel. Then it is acted on by an upthrust due tc 
the weight of the water displaced. Let the magnitude of this be W. 
It follows from the reasoning of p. 107, that this upthrust acts through 
H, the centre of gravity of the water displaced or centre of buoyancy, 
as it is called. When the ship is on an even keel, its weight acting 
downwards through its centre of gravity G balances the upthrust ol 
the displaced water acting through H. 

Let us suppose now that the ship is inclined, as shown in Fig. 117. 
The upthrust of the water has still the same value W, but 





I 


Fig. 110. 


$ 

/ 

f 



the centre of buoyancy has shifted to the point II', so that the line of 
action of the upthrust intersects the original vertical in M. The 
point M is called the metacentre of the ship. The weight of the ship 
still acts downwards through G, so we have two parallel forces W, 
one downwards through G and the other upwards through M. These 
constitute a couple. Draw GZ perpendicular to H'M. Let 0 be the 
inclination of the ship to the vertical. Then the moment of the couple is 

WxGZ=W. MG sin 0=W. MG(? 


if e is small. The distance MG is called the metacentric height, and 
the couple in this case tends to diininisli 0 and is a restoring one. 

- If, however, the vertical II'M intersects HG on 

the other side of G, the couple tends to increase 0, 
and is a capsizing one. The position of the meta- 
centre is consequently of great importance for the 
stability of the ship. If it is above the centre of 
gravity, equilibrium is stable ; if it is below the 
centre of gravity, equilibrium is unstable. The 
object of putting ballast in a ship is to keep the 
centre of gravity below the metacentre. 

In the case of a submarine wliolly immersed 
(Fig. 118) the centre of buoyancy does not shift its position when the 
ship is inclined, and obviously coincides with the metacentre. For 
stable equilibrium it must be above tlie centre of gravity. 



Fig. 118. 
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Examples XI 

1. A wooden sphere of diameter 4 cm. is weighed in air and the result 
found to be 22-57 gm. The weights are of brass of density 8*4 gm./c.c. 
Find the weight of the sphere in vacuo. 

2. According to the newspapers the Zcpjjclin L33 was G80 ft. long, 
her envelope was filled with 2,000,000 cub. It. of gas, and she weighed, 
together with her equipment and crew, 50 tons. What is the lifting 
capacity in tons weight of this volume of (i) hydrogen, (li) coal gas ? 
The density of hydrogen is 0 0899 gm./litre and the density of coal 
gas 0*52 gm./litre. 

3. Calculate in kg. ^vt. the upward force on a spherical balloon of 
oiled silk which is filled with impure hydrogen of density 0-100 gm./litre. 
The total weight of the silk envelope is 55-3 kg., and it weighs 200 
gm./metre.* 

4. A piece of metal weighs 31-57 gm. in air and 28-8 gm. in water. 
What is its specific gravity ? 

5. The weight of a solid in air is 29 05 gm., in water 18-72 gm., 
and in a salt solution 18 01 gm. What is the specific gravity of tlic 
salt solution ? 

6. A piece of wax weighs 18-03 gm. in air. A piece of metal is found 
to weigh 17 03 gm. in water. It is tied to the wax, and both together 
weigh 15-23 gm. in water. What is the specific gravity of the wax ? 

7. When 48-84 gm. are placed in the upper pan of a Nicholson’s 
hydrometer, it sinks to the mark. When a piece of metal and 34-40 gm. 
are placed in the upper pan, it sinks to the mark. When the metal is 
placed in the lower pan, and 36-01 gm. are placed in the upper pan, it 
sinks again to the mark. Find the specific gravity of the metal. 

8. A piece of wood is placed in tlie upper pan of the same hydro¬ 
meter, and 36-29 gm. have to be placed in the upjjer pan to sink the 
instrument to the mark. When the wood is tied to the lower pan, 
55-5 gm. must be placed in the upper pan to sink the instrument to 
the mark. What is the sjjccific gravity of the wood ? 

9. A Nicholson’s hydrometer weighs 220-00 gm. To sink it to the 
mark in water a load of 67-36 gm. is necessary in the upper pan ; to 
sink it to the mark in a salt solution a load of 83-72 gm. is necessary. 
Find the specific gravity of this solution. 

10. A specific-gravity bottle weighs 21-57 gm. empty, 69-90 gm. 
when full of water, and 74-17 gm. when full of a certain solution. What 
is the specific gravity of this solution ? 

11. A specific-gravity bottle weighed 21-57 gm. empty. Some lead 
shot was introduced and the bottle weighed again. The weight was 
found to be 226-3.5 gm. The bottle was then filled up with water and 
weighed again. Tlie result was this time found to be 2.56-64 gm. The 
weight of the bottle when full of water was 69-90 gm. Find the specific 
gravity of the shot. 

12. The specific gravity of ice is 0-918 and of sea water 1-03. An 
iceberg floats with 1000 cubic yards of its volume above the surface. 
What is its total volume ? 

13. A ship displaces 10,000 tons of water and its mctacentrie height 
is 2 ft. It is heeled over through ,5®. Calcul-ate the restoring couple 
in foot-ton units. 
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Hooke’s Law. Let us suppose that a copper wire, AB, 5 or 0 
metres long, is suspended from a support on the wall, and that 

scale pan is attached to its lower end (Fig. 119). 
D A [I hen if a weight is placed in the pan, the wire 

increases in length, the increase in length being 
proportional to the weight. If the weight is re¬ 
moved, the wire returns to its original length. The 
weight per unit area of the cross-section is in this 
case referred to as the stress, and the increase in 
length per unit length as the strain. 

If the room becomes warmer, this rise in tem¬ 
perature also causes an increase in length, and if the 
scale E is fixed to the wall, part of the increase 
observed may be due to the rise of temperature. It 
is customary, therefore, in making the measurement 
E[sB hang the scale on a wire ED of the same length 

X and same material as AB, which carries a weight to 

A keep it tight. Then if a rise of temperature takes 

plaice, both vernier B and scale E suffer the same 
iTir' n»i displacement, and any relative motion must be due 
Apparatus for weights in the pan C. 

dctcnniiiing Again, if one end of a stick is clamped down on 

Young’s a table and a force applied to the other end (Fig. 

modulus. 120), the latter is displaced downwards through a 

distance proportional to the magnitude of the force. 
If the force is removed, the stick returns to its original shape. 
In this case the force is called 

the stress, and the displace- , ___^ 

ment is called the strain. — ^T I — 

Again, if a cube of India*_ I 

rubber is subjected to a 
uniform pressure on all its ( ) 

faces, it suffers a decrease in Fig. 120. 

volume proportional to the 

pressure applied, and returns to its original volume when the 

iia 
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pressure is removed. The experiment might be carried out 
by immersing the cube in water and subjecting the water to 
pressure. In this case the pressure applied is called the stress, 
and the change in volume per unit volume is called the strain. 

It is the same in other cases when forces produce a displace¬ 
ment of the various particles of a body relatively to one another. 

The force producing the relative displacement of the different 
parts of the body is called a stress, and the change produced is 
called a strain. 

And we always have the same law connecting stress and strain, 
which was first given by Hooke in 1676, and runs as follows : 

J'he strain is proportional to the stress producing it, 

Hooke published the law as an anagram : ceiiinosssttuu. Two years 
later he gave the key to the anagram, ut tension sic ins, and described 
various ways of proving the law. 

Elasticity. —In physics a meaning is attached to the word 
“ elasticity ’* quite different from its use in ordinary life. 

Elasticity is that property of matter in virtue of zvhich it resists 
change of shape or change of volume with a force depending on 
the amount of change produced. 

There are thus two kinds of elasticity, elasticity of shape 
and elasticity of volume. These are synonymous in physics with 
rigidity and incompressibility respectively, and the degree in 
which a body possesses them is measured by two coefiicients, 
the rigidity modulus and the bulk modulus of elasticity. In 
general, when a body is strained, they are both called into play, 
but it is possible for the one kind of elasticity to be involved 
without the other, and we shall proceed to consider these two 
cases. 

Shearing Strain.—Let us suppose that the unit cube ABCD is 
.acted on by equal forces P on four of its sides, as shown in Fig. 121. 

p Then its shape is changed in the manner 

A A' ^> - B indicated. Every plane in it parallel to 

the base is displaced relatively to the plane 
below it, but the height and consequently 
the volume is unaltered. An idea of the 
P 


D C raj rbj 

Fig. 121.—Shearing strain. Fig. 122.—To illustrate slicaring strain. 

nature of the change may be obtained from Fig. 122, which represents 
a pack of cards first piled in a rectangular block and then displaced 
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with each card in the pack the same distance to the right of the one 
below it. But once the pack of cards is displaced, it remains dis¬ 
placed, whereas the cube in Fig. 121 springs back to its original shape 
when the forces P are removed. 

The strain represented in Fig. 121 is a pure change of shape. It is 
called a shearing strain or simply a shear, and it is measured by the 
angle 6. The rigidity modulus, which measures the resistance of 
the body to change of shape, and is usually denoted by n, is defined 
by the equation 

_shearing stress P 

shearing strain d 

If the body is very rigid, the value of 0 produced is small, and con¬ 
sequently 71 is large ; the greater the rigidity, the greater the rigidity 
modulus. 

Pure Change of Volume.—Let us suppose that a cube of volume 
V is subjected to a uniform pressure p per unit area on all its six 
faces. Then all its sides contract to the same extent and there is 
consequently no change of shape. Let v be the decrease in volume. 
The bulk modulus of elasticity of the substance, which is usually 
denoted by ky is defined by the equation 

^__pressure p pW 

cliange of volume per unit volume u/V v 

The greater the resistance to compression, the smaller i>, and conse¬ 
quently the greater k : the greater the incompressibility, the greater 
the bulk modulus. 

Exa:vii*i,e.—W ater diminishes oj qqq volume, when the 

pressure on it increases one atmosphere. Find its density at the bottom 
of a freshwater lake 200 metres deep. 

One atinosplicrc corresponds to 70x13-6 cm. of water = 10-33 

metres. Hence the pressure at the bottom is atmospheres, 

and the diminution in volume per unit volume 

200 1 

KTaa X 2i;ooo=» o°“022 

4 

The density is thus f^o.Oo692'2 1 00002 gm./c.c. 

Young’s Modulus. —Tlic clastic change easiest to investigate 
is the increase in length produced in a wire by attaching a weight 
to its end, and an experiment on this subject forms part of most 
physics laboratory courses. The apparatus used is that repre¬ 
sented in Fig. lio. Before starting the experiment sufTicient 
weight is placed in the pan to take slack out of the wire and make 
it hang straight without kinks. Then the weight is increased 
by equal steps to a maximum and decreased by steps of the same 
magnitude to the initial value, and the scale reading at E taken 
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for each weight. The readings for the way down should be the 
same as for the way up, and when they are graphed against tlie 
weight, the result should be a straiglit line. 

By experimenting with wires of the same material but of 
different lengths and different cross-sections, we can show that 
the increase in length I is 

(1) proportional to the force applied, F, 

(2) proportional to the total length of the wire, L, 

(3) and inversely proportional to the cross-sectional area of 
the wire, A. Stating this result in the form of an equation 



FL 

YA 


where Y is a constant depending on the material of the wire. 
This can be rewritten 

F 

A force per unit area _ 

T increase in length per unit length 

L 

The quantity on the right is the stress divided by the strain, and 
the constant Y is known as Young’s modulus of elasticity for the 
material. It measures the resistance of the wire to stretching ; 
the greater Young’s modulus for the material, tlie smaller is the 
increase in length produced by a given force. 

The increase in length is accompanied by a decrease in the 
radius, and there is a change in the volume of the wire as well as 
a change in its shape. Thus both kinds of elasticity are called 
into play to resist the change, and it can be shown by reasoning 
beyond the scope of this book, that Young’s modulus is connected 
with the rigidity modulus and the bulk modulus of the material 
by the equation 

3/t-fn 

So far we have regarded the stress as the applied force causing 
the strain, in this case the force per unit area applied at the lower 
end of the wire. It is more properly the equal and opjiosite 
force called into play to resist the strain, wliich acts througliout 
the whole volume of the wire. 

If the weights in the pan are increased beyond a certain limit, 
after their removal the wire no longer returns to its original 
length. It is then said to be overstrained, and the stress beyond 
which recovery is no longer complete is called its elastic limit. 
If the stress is increased beyond the elastic limit, the yield 
point is reached and the wire breaks. The quotient of the 
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maximum weight which the wire can carry by its cross-sectional 
area is called the breaking stress of the specimen. 

Exlivmple.—Y oung's modulus for copper is 1-2 x 10^* dynes/cm.*. 
Calculate the increase in length of a copper wire 5 metres long and 1 mm. 
in diameter, when stretched by a weight of 5 kg. 

FL 5x103x981 x500 

YA ~ 1-2 xl0»3x7r(0-05)2^™* 

=2‘6 mm. 


Viscosity. —If a jug of water is emptied upon the floor, it 
flows away at once, but if a jug of treacle were emptied upon the 
floor, it would take a long time to spread out. Liquids which 
behave like treacle are said to be viscous, and liquids which 
flow away rapidly are said to be mobile. Viscosity is a property 
of fluids in virtue of which they resist change of shape, but the 
resistance in this case is quite independent of the amount of change 
effected, and when the deforming force is removed, the fluid 
does not show any tendency to return to its original sliape. 


flowing along a channel. If 
we divide it into horizontal 
layers, we find that these 
layers are moving with 
different velocities. Tlie 
layer in contact with the 
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“ I‘'iG, 12-i.—Apparatus for measuring 

viscosity of a liquid. 

bottom is at rest, the layer immediately above it is moving 
slowly, the third layer from the foot is moving faster, and so on 
until we come to tlie topmost layer moving with velocity v. 
Tlic velocities of the different layers are represented by arrows 
in the diagram, which is drawn for a very viscous liquid. In 
the case of water the change from zero to the value v is completed 
within a very sliort distance from the bottom. Thereafter the 
velocity has the uniform value v the whole way up. 

Each of the layers rubs against the layer above it, keeping it 
buck. Thus viscosity is due to friction between the particles 
of the liquid. A iscosity is shown by gases as well as liquids. 

Fig. 124 shows the arrangement usually adopted for measuring the 
viscosity of a liquid. A capillary glass tube is stuck through a cork 
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and fixed horizontally in a hole in the side of a vessel filled with the 
liquid. The volume of liquid which flows through the tube in unit 
time is then measured. Let it be V : let I be the length of the tube 
and r its radius, and let p be the difference of pressure between the two 
ends, i.e. due to the head AB, measured in dynes/cm.*. Then it may be 
shown by reasoning beyond the scope of this book, that 

Slfj 

where is a constant depending on the liquid, which is known as its 
cocfTicient of viscosity. 

Distinction between a Solid and a Liquid. —It is now 

possible to go into the difference between tlie solid and the liquid 
state with greater precision. A solid has been defined on p. 74 
as a body with a definite shape and a liquid as having a definite 
volume but no definite shape. While this definition is satis¬ 
factory with regard to ordinary solids and liquids, there are 
certain substances which are difficult to place. 

One of these is pitch. A piece of hard pitch breaks witli a 
glassy fracture and feels solid to the touch, but if given sufficient 
time—months or even years—it flows, and takes up the shape 
of the vessel in which it is placed. A very striking experiment 
can be performed with it. If pieces of wood are placed on the 
bottom of a shallow glass dish, then a slab of pitch placed on the 
top of the wood, and finally pieces of lead on the top of the pitch, 
it is found that in the course of time the wood rises into the pitch 
and the lead sinks into it, and after months the lead rests on the 
glass at the bottom while the wood has come to the surface. Pitch 
is therefore a very viscous fluid : its apparent solidity is due to 
viscosity and not to elasticity of shape. 

Thus the distinction between the solid and the liquid state 
is that a solid has both elasticity of shape and volume, whereas 
a liquid has only elasticity of volume. 

Molecules and Atoms. —There was much discussion in 
ancient times as to whether or not matter is infinitely divisible. 
Suppose, for example, a lump of copper is taken and divided 
into parts, and each part divided into parts, can the process 
be repeated an infinite number of times without the parts losing 
the properties which the substance possesses in bulk, or shall 
we come finally to a stage beyond which it is impossible to go? 
This question has been decided by modern investigation. We 
know now that matter is composed of very small particles called 
molecules, much too small to be seen with the most powerful 
microscope, and if we were to divide far enough, we would get 
down to the molecules. Spaces exist between the molecules 
and they are in constant motion. In gases they are relatively 
far apart and travelling in all directions with high velocities. 
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In a cubic centimetre of air under standard conditions there are 
about 27 X 10^® of them. They strike and rebound off one 
another, and the pressure which a gas exerts on the vesseJ 
containing it is due to the bombardment of the side of the 
vessel by the molecules. In solids and liquids the molecules 
are much closer together, and thus the greater density of solids 
and liquids is explained. In solids the molecules oscillate aboul 
a mean position, while in liquids they move through the bodj 
of the liquid. In solids and liquids the molecules knock against 
one another, but a force of attraction, molecular attraction, 
operates between them, and prevents them separating as far 
from one another as in the case of gases. 

The evidence for the existence of molecules is partly chemical 
and partly physical. In order to explain chemical combination 
it is necessary to assume that substances are composed of mole¬ 
cules, and that molecules are made of atoms, the molecule being 
the smallest part of a substance that can exist in a free state and 
the atom being the smallest part of a substance that can take 
part in a chemical change. Thus the molecule of common salt 
is made up of one atom of sodium and one atom of chlorine. 
The physical evidence for the existence of molecules is taken 
principally from the behaviour of gases ; we do not demonstrate 
their existence by any one experiment, but if we assume they 
exist and work out the consequences, we obtain a natural explana¬ 
tion of all the phenomena connected with gases. 

The fact that there must be spaces inside a liquid can be 
shown by a very’simple experiment. When 50 c.c. of water and 
50 c.c. of alcohol are mixed together, the resultant mixture has 
a volume of only 97 c.c. 

Molecular Forces. —As has been mentioned, molecules 
attract one another. This attraction is quite distinct from 
gravitational attraction ; it is more powerful than the latter at 
small distances, and exists in addition to it. The law according 
to which it acts is not known, but molecular attraction is 
only "" sensible at insensible distances ” ; we are accustomed 
to think of it as constant throughout a space surrounding the 
molecule, known as its sphere of action, and to ignore it else¬ 
where. 

The attraction which binds like molecules together is called 
cohesion, and that which binds molecules of different kinds 
together adhesion. The forces holding a drop of water to a gloss 
rod or nickel plating to iron are examples of adhesion. Many 
of the properties in which solid bodies differ from one another, 
their elasticity, tenacity, ductility, malleability, hardness, brittle¬ 
ness, etc., are due to differences in the cohesion between their 
molecules. 
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The tenacity of a solid is measured by the %veight necessary 
to break it, when in the form of a wire. The relative ductility 
of two solids is tested by seeing which can be drawn into the 
thinner wire, the malleability by seeing which can be hammered 
into the thinner slieet, the hardness by seeing which will scratch 
the other, and the brittleness by seeing which will break most 
readily under a blow from a hammer. 

Surface Tension. —Let MN be a water surface, and let A 
be a molecule situated some distance below the surface. With 
A as centre describe a 
sphere with the range 
of molecular attraction 
as radius. We can 
neglect the action on 
A of the molecules 
outside this sphere. 

The molecules inside 
the sphere are dis¬ 
tributed equally all Fig* 

round it, and there are 

as many pulling one way as another. Consequently the resultant 
molecular attraction on A is zero. 

Consider now a molecule situated near the surface at B, and 
with B as centre and the range of molecular attraction as radius 
describe a sphere. The density of the air molecules is so small 
that their attraction can be neglected ; hence the force due 
to the shaded part of the sphere is unbalanced, and there is a 
resultant downward force on B. Consider now a molecule situated 
on the surface at C, and describe a sphere with the same radius 
round C as centre. The downward attraction of the whole lower 
hemisphere is unbalanced, and hence there is in this case a greater 
resultant downward force on C. 

There are similar forces on other molecules on or neat 
the surface. Hence any body of liquid which is free to take its 
natural shape, must contract until it has the smallest surface 
compatible with its volume, for the forces on the surface molecules 
tend to pull them into the body of the liquid. The sphere is the 
solid which has the smallest area for a given volume. Thus if 
a body of liquid is freed from the action of gravity, it should 
take the spherical form. 

Owing to the tendency of the surface to contract every body 
of liquid behav'es as if it were surrounded by an elastic skin in 
which there is a definite stretching force. This stretching force 
is known as the surface tension of the liquid. Its presence is 
very obvious in blowing a soap-bubble, for the process is exactly 
the same as in blowing up a rubber balloon. 
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It is owing to the action of gravity, that liquids do not more fre- 

the spherical form. If by means of a pipette a quantity 
I *^troduced below the surface of a mixture of alcohol and water 
wiiicli has been arranged to have the same density as the oil, it takes 
the form of a sphere. The oil should be coloured to make the sphere 
easily visible, and the experiment should be carried out in a vessel with 

sides, otherwise the sphere will appear distorted. In this case the 
ellect of gravity is eliminated. 

If the body of liquid is small, the action of gravity may be neglected 
in comparison with the surface forces. I-Ience rain-drops are spherical, 
^*50 the small drops which form when mercury is spilled on a 


was mentioned on p. 74 that a liquid 
stands m a number of communicating vessels at the same level. 



IiG. 12G.—Rise of water in capillary 

tubes. 



Fig. 127.—Rise of water 
between plates. 


This is,^ however, not the case when capillary tubes, or tubes of 
small diameter, are used. For if a scries of such tubes with gradu¬ 
ally diminishing diameter are arranged with their ends dipping 
in water, as shown in Fig. 126, the level of the water is higher 

in the tubes than outside, and the narrower the bore 
of the tube the greater the height to which the water 
rises. Also if two glass plates are arranged dipping 
into water, pressed tight together at the end A and 
with a separation of a millimetre or so at the end 
13, as sliown in Fig. 127, the water rises between the 
plates, the rise being greatest where the separation 
is least. In these two experiments the water is usually 
coloured black to render the effect visible. If mercury 
_ is used instead of water, the surface is depressed 

rncr^urvMiwi raised, but to make the depression visible 

wc must employ a of the shape shown in 

big. 128. Also when a liquid rises the surface inside 
the tube is concave upwards, and when it is depressed, 
its surface is convex upwards. 



Fig. 128.— 
SliowiDg the 
depressi 
mercury m a 
capillary 
tube. 
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To the phenomenon just described the name capillarity has 
been given. It is caused by surface tension and it plays a large 
part in everyday life. The rise of oil in a lamp wick, the 
absorption of water by a lump of sugar or of ink by blotting 
paper, the wetting of a whole towel by allowing one corner to 
dip into water, are all examples of the process illustrated by 
Figs. 126 and 127. 

By experimenting on capillary tubes we find the following 
results : 

(1) Liquids rise in the tubes, if they wet them, but are depressed 
in tubes they do not wet. 

(2) I'lie elevation or depression is inversely proportional to the 
diameter of the tube. 

Measurement of Surface Tension. —The elevation or depres¬ 
sion of the surface in a capillary tube is easily explained by 
means of the surface film, and gives us the simplest method 
of measuring the numerical value of the tension existing in that 
him. 

If water is contained in a glass vessel, the surface of the water 
does not meet the side at right angles, but curves up and meets 
it tangentially as in Fig. 129. This is because 
the glass attracts the molecules at C more than 
the water does, or, in other words, because the 
adhesion of water for glass is greater than the 
cohesion of water for water. But if the vessel 
contains mercury instead of water, the surface 
bends down and meets the glass at an angle of 
about 52®, as in Fig. 130, because the molecules 
of mercury on the surface at C are attracted 
more by the mercury than by the glass. This 
angle is known as the angle of contact between glass and 
mercury. The fact that the molecular attraction of glass for 
water is greater than that of water for water, and that the 

molecular attraction of glass for mercury is less 
than that of mercury for mercury, can be shown 
by dipping glass rods into these two liquids and 
then withdrawing them ; for the rod witlidrawn 
from the water is wet, and the rod withdrawn 
from the mercury is dry. 

Fig. 131 represents a section of a glass tube 
with a narrow bore dipping into water. Owing 
to the surface rising to meet the glass it is concave 
upwards inside the tube and the surface tension 
pulls the water up the tube, so that the level is higher inside than 
outside. Fig. 132 represents a section of a similar tube dipping 
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into mercury ; liere the surface inside the tube is convex upwards, 
and surface tension depresses the level of the mercury inside the 
tube. 

Let r be the radius of the tube, h the elevation of the liquid 
in the tube, and T its surface tension, and let us suppose that, as 
in the case of water, the angle of contact is zero. Then the 
cylindrical column of height h inside the tube is in equilibrium 
under the action of its weight and the surface tension in the film 
at the top. 

The weight is equal to Trr^hgp. The surface tension acts 
vertically upwards at the top round the inside of the tube, where 



Fig. 131. Fio. 182. 


the film joins on to the glass, a force T being applied to each cm. 
of the circumference. It gives a resultant force 277'rT. Equating, 


whence 


277tT —TTT^hgp 
rp _ r?ig^ 

2 


If, as in the case of mercury, there is a depression h and an 
angle of contact 0, the component of surface tension which acts 
downwards is T cos d, and the resultant downward force given 
by it is 27TrT cos $. Tliis is equal to the weiglit of a mercury column 
of height hf whence 

T = 

2 cos d 


It will be noticed that according to the above formula the 
elevation or depression is inversely proportional to the diameter 
of the tube. 


In determining the surface tension of water by the above formula, 
the tube is cleaned, and its bore obtained by drawing a thread of 
mercury into it, measuring the length of the thread, and weighing it. 
The tube is then fixed in a vertical position with its end dipping into 
water, and the level inside the tube measured by a vernier microscope. 
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To find the level of the surface outside the tube a pointer is fixed in 
a vertical position with its end just touching the surface. The beaker 
containing the water is then removed, and the level of the end of the 
pointer measured. It is not possible to focus directly on the surface 
owing to the film at its edge and the distorting effect of the glass. 


Examplr. —The surface tension of water is 74 dynes/cm. How 
high should water rise in a capillary tube of 1 mm. diameter ? 


We have 


2T 2 X 74 
^~rgp “0 05 X981 


Further Examples of Surface Tension.—If a needle is placed very 
carefully on a water surface it floats, although its density is nearly 
eight times that of water. If it is carefully observed, it is seen to rest 
in a depression on the surface. The surface does not wet the needle, 
so where the film joins on to the needle, the tension has an upward 
component. This upward component supports the weight of the needle. 
The ability of certain insects to walk on the surface of water is explained 
in the same way. 

If a camel-hair brush is dipped into water the single hairs project 



in all directions. But when it is removed, they are held together, as 
if they were surrounded by a skin. 

If a metal ring is dipped into a soap solution, so as to form a film 
across it, and if a loop of fine thread which has been previously wet 
with the solution is laid on the film, it can be made to take up any 
form such as A (Fig. 133). If, however, a hot wire is thrust through 
the loop, the latter springs into the circular form B (Fig. 134), because 
the surface tension now acts only on the outside of the loop, and the 
area of the surface outside the loop contracts as much as possible. 
This makes the area inside the loop as large as possible, and the circle 
has the largest area for a given perimeter. 

Again, If a bent wire ABC (Fig. 135) is taken with a straight wire 
DE resting against it and a film is formed in the enclosed space, it is 
found that the film is able to support the wire and also a small weight 
W. If T denotes the surface tension, the upward force exerted by each 
side of the film is T x OE. Hence, if W is the total weight supported, 

2TxDE=W 

If a thin rectangular plate of glass such as a microscope slide is 
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hung from one arm of a balance with its plane vertical and its long 
edge touching the surface of water but not displacing any water, the 
surface tension of the water acts down on it with a total force of 2Ti 
dynes, where / is the length of the edge. Hence the weight on the other 
arm of the balance necessary to produce equilibrium must be increased 
by this amount. This affords a method of measuring T. 

Excess of Pressure inside a Soap 
Bubble.—Let us suppose we liave an 
clastic band of breadth 1 cm. stretched 
round a cylinder of radius r (Fig. 136). 
Consider the equilibrium of the portion 
AB subtending a small angle 20 at the 
centre of the section. Let p be the 
pressure it exerts on the surface of the 
cylinder, and let T be the stretching 
force in the band. The area of the 
band is 20r: consequently, since 0 is 
small, the resultant upward force on AB 
due to the reaction of the cylinder is 20rp. This acts along CD. It is 
balanced by the sum of the components of the forces at the ends in the 
same direction. This is 2T sin 0, or 2T0, since 0 is small. Hence 



whence 


2Or/>=2T0 

T 

P=7 


Let us now suppose that the surface is a spherical one, and that an 
clastic sheet is stretched round it. If wc consider the equilibrium of 
an area 1 cm. square, there arc stretching forces on all four edges. 
Consequently in place of the above result wc obtain 

2T 

P=V 

This would also hold for a football bladder, where T is the tension in 
the rubber. Tlie latter acts throughout the body of the rubber. 

If we pass to the case of the soap-bubble, there is a tension T on 
both the inside and outside of the film. Hence the excess of pressure 
inside is given by 

4T 

Diffusion of Gases. —Fig. 137 represents a well-known lecture 
experiment. A is a cylindrical porous pot of unglazed earthen¬ 
ware, w’hich is supported in an inverted position with a bent 
glass tube BC fitted into a cork in its mouth. The pot contains 
air ; the glass tube contains coloured water, and initially the 
Icv'cl of the two surfaces B and C is the same. D is a glass jar 
held over the pot. 

If a rubber tube is connected to the gas pipe and gas introduced 
below the jar, the gas, being lighter than air, ascends and dis¬ 
places the air. At the same time the level at B sinks and the level 
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at C rises, showing that the pressure inside the pot has increased. 
If the glass jar is lifted, so as to allow the gas to escape, the 
pressure inside the pot decreases to its 
original value. 

The explanation of the experiment is as 
follows : The pressure of a gas on a surface 
is due to the impact of the molecules on 
the surface. Let us suppose that we have 
two gases on different sides of a surface, 
both at the same temperature and pressure, 
and that the molecules of the one gas are 
lighter than the molecules of the other. 

According to Avogadro’s law the two gases 
have the same number of molecules per 
unit volume. Consequently to produce the 
same pressure the molecules of the lighter 
gas must move faster than the molecules of 
the other. This ensures that they strike 
the surface both oftener and harder. In 
the experiment in question the holes in the 
earthenware take the place of the surface. 

We have air molecules entering them from 
the inside and gas molecules from the 
outside. The latter move faster and arrive 
oftener. Hence the number of molecules 
and consequently the pressure inside the pot increases, until 
the excess of pressure makes the outward flow equal to the 
inward one. The experiment affords convincing evidence of the 
motion of the molecules of a gas. 

To the above process the name of diffusion has been given. 
It takes place always when we have two gases meeting, and 
removes inequalities of temperature and composition. A room 
may be ventilated by the inward diffusion of the outside air in 
the entire absence of air currents. 

Diffusion of Liquids. —Let a tall glass cylinder such as is 
represented in Fig. 138 be half filled with water. Then by means 
of a thistle funnel let a strong solution of copper sulphate be 
introduced into the bottom of tlie jar. This solution is denser 
than water, and if the operation is done carefully, it takes up a 
position below the water with a sharp surface of separation. Above 
the surface the water is perfectly clear; below it we see the 
bright blue of the solution. If, however, the jar is left to itself, 
the surface becomes ill defined, and in the course of days the blue 
passes up into the water. The copper sulphate has diffused 
upwards into the water in opposition to gravity. We have 
here a proof of the motion of the molecules of a liquid. 



to show diffusion of 
gases. 


F 



130 DYNAMICS AND PROPERTIES OF MATTER 


There is a great difference in the rapidity with which substances 
diffuse. The mineral acids and their salts diffuse comparatively 

rapidly in solution and are called crystalloids « 
substances such as starch, gum, albumen, etc., diffuse 
very slowly, and are called COUoids. 

If a sheet of parchment or the bladder of an 
animal is used as a partition in a vessel, with pure 
water on one side and a solution of a crystalloid or 
a colloid on the other, the crystalloid diffuses through 
the parchment, but the colloid does not. Such 
membranes are called scmi-permeablc membranes, 
because they are permeable to the one class of sub¬ 
stance but not to the other. They can be used as a 
means of separating crystalloids and colloids from 
a mixed solution. This method was introduced by 
Graham and is called dialysis. The separation pro¬ 
duced by dialysis is due to the size of the colloid 
particles which are each aggregates of molecules too 
large to pass through the holes in the membrane. 

Osmotic Pressure. —Let a thistle funnel be closed 
at its lower end with a piece of parchment, and 
then immersed in water as shown in Fig. 189. Then 
pour a strong solution of sugar into it, so that the 
level is the same both inside and outside the funnel. 
After a time water makes its way in through the 
parchment, and the level A stands higher inside the 
funnel. No sugar passes from 
the inside to the outside. If, 
diffusion of instead of being immersed in 
liquids. water, the funnel is dipped in a 

sugar solution and filled to the 
level B with a solution of the same strength, 
no change in level takes place. 

The experiment may be accounted for 
by assuming that the pores in the membrane 
are of such a size, that they allow water to 
pass through them, but stop the passage of 
the large sugar molecules. The water mole¬ 
cules pass through the pores both ways, 
but a smaller number strikes the inner side, 
since some of the molecules inside are sugar. 

Herice on the whole there is a passage of Fig. 139. Apparatus 
water to the inside and an accumulation ® oi^mosia. 

of water there. 

If a piston is fitted to the inside of the funnel, the mw^d 
diffusion of the water can be prevented. The pressure which 
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must be applied to do this is called the osmotic pressure of the 
solution, and the phenomenon itself is called osmosis. As many 
of the membranes existing in animals and plants are semi- 
permeable, osmosis plays a large part in physiology. Parchment 
and bladder allow both crystalloids and water to pass, but there 
are certain membranes, such as the gelatinous precipitate of 
copper ferrocyanide, which allow water to pass and stop certain 
crystalloids. 

Absorption of Gases by Liquids and Solids.—If a beaker of 
water is warmed, small bubbles collect upon its walls and rise to the 
surface. These are air, as is shown by the fact that they do not 
condense, when they ascend through tlie colder part of the liquid. Tlius 
ordinary water contains air dissolved in it. 

Soda-water is water which has been made to absorb carbon dioxide 
gas. The absorption is produced by bringing the water together with 
the gas at a high pressure. Whenever the pressure is taken off, the 
gas passes rapidly out of solution, and it is to this that the effervescence 
is due. Generally speaking the amount of gas absorbed by a liquid 
is proportional to the pressure of the gas, and decreases with the 
temperature. 

Some solids also absorb gases, particularly porous substances 
such as charcoal. The absorption is selective, being greater in the 
case of some gases than others, and it seems to be a surface phenomenon, 
depending on the amount of surface the body possesses. 

Examples XII 

1. Calculate Young’s modulus for a steel wire from the following 
data : Length of wire 497 cm. ; diameter of wire 0-075 cm. ; elonga¬ 
tion of 0-35 cm. produced by a weight of 0300 gm. 

2. If Young’s modulus for steel is 2x10^® dynes/cm.®, what weight 
must be suspended from a steel wire 4 metres long and 1 mm. in 
diameter to stretch it 1 mm. ? 

3. A capillary tube has a diameter of 1-20 mm. It is dipped 
vertically in water, and the surface rises to a height of 2-37 cm. inside 
the tube. What value does this give for the surface tension of water ? 

4. A glass plate is suspended from a balance with its plane vertical 
and an edge 15 cm. long and 3 mm. wide touching the surface of water. 
Given that the surface tension of water is 74 dynes/cm. find the apparent 
increase in weight of the plate. 

5. A soap bubble of 3 cm. radius is formed from a solution the 
surface tension of which is 50 dynes/cm. Calculate the excess of 
pressure inside in cm. of mercury. 

6. A glass tube 6 mm. in internal diameter is pushed vertically into 
mercury. Taking the surface tension of mercury as 547 dj'nes/cm. 
and the angle of contact as 52®, calculate the difference in level of the 
mercury in the tube and outside the tube. 

7. Will mercury ascend a lamp wick as oil and water do ? 

8. How would you show that different substances diffuse at different 
rates through the same liquid ? How would you explain the difference 
and the fact that the rate of diffusion depends on the temperature ? 
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CONSTANTS 


Specific Gravity 


Aluminium 

Brass 

Copper . 

Iron 

Lead 

Platinum 

Steel 

Tin 



• 

2*65 

Glass . about 

2*5 


• 

8*4 to 8*7 

Cork 

0*25 


• 

8*93 

Paraffin wax 

0*91 


% 

7*86 

Mercury 

13*6 


« 

11*37 

Methyl alcohol . 

0*80 


• 

21*50 

Turpentine 

0*87 



7*7 to 7-9 

Ice . 

0*916 


• 

7*29 

Sea water . 

1*01 to 1*05 


Elasticity Moduli (in dynes per sq, cm.) 


Brass 
Copper 
Iron 
Steel. 


Young's Modulus. 
lOxlOi* 


1-24 

20 

20 


>> 

>9 


Rigidity Modulus. Bulk Modulus 


3 5 xlO^i 
40 „ 

80 „ 
80 


10x101* 
14 „ 

14 .. 

18 „ 


Surface tension of water 74 dynes per cm. 

Surface tension of mercury 547 dynes per cm. Angle of contact 
between mercury and glass 62® 40', These values vary largely with the 
freshness of the surface. 


Gravitational constant, k 
g at equator 
g at Greenwich 
g at North Pole 
] Horse-power 
1 Kilowatt 


6*66 X10~* c.g.s. unit, 
=978 cm. per sec.* 
981*18 cm. per sec.* 
983*2 cm. per sec.* 
:33,000 ft.-lb. per min. 
^1*34 horse-power. 
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CHAPTER T 

TEMPERATURE AND THERMOMETERS 

Temperature. —If a pot of cold water is placed on the fire and a 
finger is dipped into it from time to time, we feel the water 
gradually becoming hotter. We describe this by saying that 
the temperature of the water is increasing; the temperature of 
a body is thus its degree of hotness. 

We regard the change in temperature of the water as due to 
something called heat passing from the fire to the water. The 
reasons for this assumption will be made clear later. It is to this 
flow of heat to or from our body that our sensations of hot and 
cold are due. If we touch a piece of iron and a piece of wood on 
a cold day, heat flows from the hand to them and they feel cold. 
More heat flows to the iron than to the wood, because the iron 
conducts away the heat better than the wood, and the iron con¬ 
sequently feels colder than the wood, even though they are at 
the same temperature. Thus we cannot compare temperatures 
correctly by the sense of touch when we are dealing with different 
substances. 

If water feels cold to the hand, it is at a lower temperature 
than the hand, and heat flows to it from the hand. Thus heat 
flows from the body at the higher to the body at the lower tempera¬ 
ture. It is on this fact that the accurate definition of temperature 
is based. 

One body is said io have a higher temperature than another 
ift when they are placed in contact heat flows from that body to the 
other. 

If we have two tanks containing water connected by a pipe 
below the surfaces, water flows through the pipe from the tank 
in which the surface is higher to the tank in which it is lower. 
Thus if the heat in a body is compared with water in a tank, the 
temperature of the body corresponds to the level of the surface 
of the water. 
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Thermometers. —As has already been mentioned, the hand 
is an unreliable means of estimating temperature. Of two 
equally cold bodies, that one feels colder which conducts away 
the heat better ; also if the hand has been immersed in hot water, 
tepid water feels cold to it, but if it has been immersed first in 
cold water, tepid water feels warm to it. We consequently 

employ instruments for measuring temperature. 
Such instruments arc called thermometers. 

Bodies generally expand when heated, and the 
thermometers in common use measure tempera¬ 
ture by the expansion of a quantity of liquid. 
Fig. 140 represents tlie principle of the arrange¬ 
ment. A fiask fitted with a cork and capillary tube 
is filled with water up to a point in the capillary 
tube. A piece of paper is placed behind the tube 
and the water is coloured, so that the level of its 
surface is clearly seen. The flask is then im¬ 
mersed in warm water ; the glass expands and 

so does the coloured water inside it. The latter 
expands more than the glass does, so its level 
rises in the capillary tube, and by the position 
of the level we can measure the temperature of 
le^^of”^her water in which the flask is placed. Whenever 

mometer. water returns to the same temperature, the 

level returns to the same place. 

One disadvantage of this arrangement is the size of the flask, 
which would absorb too much heat from the substance the 
temperature of which is to be measured, and which would take 
too long to acquire the temperature of that substance. Another 
disadvantage is the fact that the upper end of the tube is open, 
so that liquid escapes by evaporation. Consequently we employ 
a small spherical or cylindrical bulb of thin glass blown on the 
end of a capillary tube the other end of which is closed ; the 
cylindrical form is preferable because, owing to its having a larger 
surface for the same volume, it enables the thermometriC fluid, 
or liquid contained, to acquire the temperature of the surrounding 
liquid more rapidly. It can also be passed more easily through 
corks. 

Two thermometric fluids are employed in practice, mercury 
and alcohol, mercury to much the greater extent. It has the 
ad'^antage of a high boiling point and low freezing point (657® C. 
and —39® C.), it docs not wet glass and is easily visible, and it 
lias a low specific heat and conducts heat well, thus responding 
rapidly to the temperature to be measured. Also a fine 
mercury column is less liable to break than columns of other 
liquids. Alcohol has the advantage of a very low freezing 
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point (—180® C.), and so can be used to measure temperatures 
in Arctic regions at which mercury is solid. It is also cheaper 
than mercury. But it has the disadvantage of a low boiling 
point (78® C.), and it wets the side of the tube when the column 
is falling. As it is colourless it has to be rendered visible by the 
addition of some dye. It expands about five times as much as 
mercury. 

Construction of a Thermometer. —Suppose that a simple 

mercury-in-glass thermometer is to be constructed. Then the 
following operations have to be gone through : 

1. A capillary glass tube is cleaned, a short column of mercury 
introduced into it, and the length of this column measured by a 
microscope at different parts of the tube. If the length of the 
column is always the same, the bore is uniform, and the tube is 
suitable for the purpose. 

2. A bulb is then blown on one end of the tube, and a funnel 
attached by a piece of rubber tubing to the other end. 

8. Mercury is placed in the funnel; owing to the narrowness 
of the tube it does not rim down into the bulb. The air in the 
bulb is then warmed and expands, bubbling up through the 
mercury. It is next allowed to cool and contracts, sucking mer¬ 
cury down into the bulb. The process is then repeated until 
the bulb is full. 

4. The funnel is removed and the mercury boiled, so that its 
vapour expels all the air from the tube. The latter is then sealed 
off with the blowpipe. 

5. The tube now contains a definite volume of liquid with an 
air-free space above it. It is put away for some days, until it 
recovers from the violent heatings undergone in its construction. 
Then we determine the positions of the column when the instru¬ 
ment is at the temperature of melting ice, and when it is at the 
temperature at which water boils under standard atmospheric 
pressure. Marks are put on the stem at these points ; they are 
known respectively as the lower and upper fixed points of the 
thermometer. 

Thermometric Scales. —There are three different thermometric 
scales in use. On the Centigrade scale, which is the scale used 
for scientific purposes, the interval between the fixed points is 
divided into 100 degrees, the lower point being taken as 0® and 
the upper one as 100®. To put the matter more precisely : 

Let V be the volume of the part of the tube between the two 
fixed points, let v be divided into 100 equal parts, and let a mark 
be put* on the stem at the termination of each of these parts, the 
temperature of the tube being kept constant; then if at a subse¬ 
quent time the mercury column occupies t of these divisions, 
the temperature is said to be i degrees on the mercury-in-glass 



Centigrade thermometer, and is written t** C. The temperatures as 
defined in this way and read on mercury-in-glass thermometers 
made of different kinds of glass do not agree exactly, the maxi> 
mum divergence on the range 0® to 100® being about C, 

On the Fahrenheit scale, the common household scale of this 
country and America, the interval between the fixed points is 
divided into 180 degrees, the lower one being marked 32® and 


Centi¬ 

grade. 

Q„. 


eOlLING 

POINT. 




eo 

70 


60 

SO 

40 


30 


rPECZING 

Poi NT. 



Fahren 

heit. 

9. 


270 

212 - 

200 


ISO 

160 

140 

■ 20 

lOO 

80 

GO 

40 

32- 


20 




Reaumur. 



90 


80 

70 


- 60 

- SO 

- 40 

- IQ 

- 20 
- 10 
- O 

I 


Fxo. 141.—The three therniometric ac.iles. 


the upper one 212®, and on the Reaumur scale which is used in 
Germany and some other parts of the Continent, the interval 
between the fixed points is divided into 80 degrees, the lower 
one being O® and the upper one 80®. The relation between the 
three scales is made evident by Fig. 141. On each scale the 
temperatures below zero have the minus sign prefixed. 

In converting temperatures from one scale to another the 
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important thing to remember is how many degrees ihe iempei ature 
%s above or below the freezing point. Also a range of 100 Centi¬ 
grade degrees ^ a range of 180 Fahrenheit degrees = a range of 
80 Reaumur degrees, hence 5 Centigrade degrees = 9 Fahrenheit 
degrees = 4 Reaumur degrees. Thus to convert a temperature 
from the Fahrenheit to the Centigrade scale, subtract 32 and 
multiply by 0. To convert a temperature from the Centigrade 
to the Fahrenheit scale, multiply by 0 and add 32. To convert 
a temperature from the Centigrade scale to the Reaumur scale, 
multiply by 5 ; to convert a temperature from the Reaumur scale 
to the Centigrade, multiply by 0. These rules may be combined 
in the formula : 

C _F —32 R 

100 ISO 80 

Exxaip^.—Change 88® F. to the Centigrade scale. 

88® F. is 88—32 or 56° above the freezing point. 56 Falirenheit 
degrees = 0 X 56 =31 *1 Centigrade degrees. Hence, since the freezing 
point is at 0® C., 88® F.=311® C. 

Exariple.—C hange 50® C. to the Fahrenheit scale. 

50® C. is 50® above the freezing point. 50 Centigrade degrees 
= |X50=90 Fahrenheit degrees. Hence, since the freezing point is 
at 82® F., 50® C.=90-t-32 = 122® F. 

Historical.—-The Centigrade scale is sometimes called the Celsius 
scale, because it was first devised by Celsius of Upsala in 1742. The 
mercury thermometer itself was invented by l^'ahrenheit in 1714 . 
Previous to that other liquids Imd been used ; Newton, for example, 
experimented with oils, but they smeared the glass. To standardise 
his thermometers Fahrenheit used three fixed points, the temperature 
of the human body which he took as 96°, the freezing point of water, 
and the temperature of a mixture of ice, salt, and water, which he took 
as 0®. This coincided accidentally with the lowest temperature 
recorded at Dantzig in the winter of 1709, and he thought apparently 
that it was the lowest temperature possible to obtain anywhere. He 
found that the boiling point of water was 212® on his scale, and that it 
varied with the atmospheric pressure, but he did not use it as a fixed 
point. 

The temperature of the body is taken by putting the thermometer 
in the armpit or the mouth. Its correct value for a person in health 
varies only slightly from 98-4® ; Fahrenheit’s measurements were not 
very accurate. 

Verification of Thermometer Fixed Points.— The method of 
determining or verifying the fixed points of a thermometer will 
now be described in detail. The latter procedure is more im¬ 
portant from the point of view of the student, because the fixed 
points are usually slightly out, and by correcting them the accuracy 
ot the instrument cun be increased. They may also change ; if 
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when it is first constructed, a mercury thermometer reads correctly, 
it will read too high, perhaps about ^3® C. after half a year. This 
is due to the gradual recovery of the glass from the effects of the 
heating it was subjected to, when the thermometer was made; 
this recovery is rapid at first but slower afterwards. 

If a thermometer has been heated and then is cooled, the 
glass does not take up its proper volume immediately, but “ lags ’* 
above it; consequently there is a temporary depression in the 
readings which may be as much as C. The lag can be 
neglected at high temperatures. For this reason the freezing 

point of a thermometer should 
always be verified before its 
boiling point. 

Sometimes when the thread 
of mercury is descending 
rapidly it breaks, leaving an 
isolated portion near the top 
of the tube. This can be 
joined on again by heating the 
bulb to make the mercury 
ascend again to touch it, or 
by jerking the instrument so 
as to drive the detached por¬ 
tion downwards. 

To verify the freezing point 
of a Centigrade thermometer 
it is held in a vertical position 
with its bulb surrounded up to the zero 
mark by pure melting snow or small pieces 
of ice, and the reading taken as soon as 
the temperature becomes stationary. The 
ice is best held in a funnel as shown in 

Fig. 142, with a clip to hold the thermometer 143.—Hypsometer 

in position and a dish below to catch the 

water wliich drains away as the ice melts. The ice must be free 
from impurities such as salt, otherwise the temperature^ will be 
too low. If a thermometer is surrounded in this way with pure 
melting icc, the mercury stops at the same point under whatever 
circumstances tlie experiment is performed, and remains stationary 
there until all the ice is melted. Variations of atmospheric 



pressure have no appreciable effect on the freezing point. 

To determine the boiling point of a thermometer it is placed 
in the arrangement shown in Fig. 143, which is called a hypsometer 
from the Greek words for height and measure, because it can 
also be used for determining the heights of mountains. The 
tomperature is theai read as soon as it becomes stationary. Steam 
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from boiling water passes up an inner cylinder A round the stem 
of the thermometer, down between the inner cylinder and outer 
cylinder, and then escapes by the outlet at C. B is a pressure 
gauge which measures any excess of pressure in the space round 
the thermometer over the outside atmospheric pressure. If the 
outlet C is large enough, the difference in levels at the boiling 
point is inappreciable. The boiling point of the thermometer 
should just show above the cork. 

The thermometer is placed in steam and not in boiling water, 
because slight impurities in the form of dissolved salts affect the 
temperature of the water considerably, but not the temperature 
of the steam given off by the water. Also water contained in a 
clean vessel sometimes rises above the correct boiling point and 
then there is a violent burst of ebullition, after which the tempera¬ 
ture falls to the usual value. 

The temperature of the steam depends on the atmospheric 
pressure under which the water boils according to the following 
table 


Pressure. 

Temperature. 

70 cm. 

97-71° C- 

72 

98-49° 

74 

99-25° 

76 

10000° 

78 

100-73° 

80 

101-44° 


Thus, after the boiling point has been determined, the barometer 
must be read, and the correct value of the boiling point calculated 
according to the table for the pressure in question. 

When the error of the thermometer has been determined for 
the two fixed points, a straight- 
line graph may be drawn giving 
it for all intermediate values. 

Thus if, for example, in the 
case of a Centigrade thermo¬ 
meter the reading at the freez¬ 
ing point is 0 - 3 ® too low, and 
at the boiling point 0-8® too 
high. Fig. 144 would give the correction to be added at all inter¬ 
mediate values. Thus no correction is required at 27 °. The ordi¬ 
nates 0 * 8 ° and — 0 - 8 ° should be plotted against — 0 * 3 ° and 100 * 8 °, 
but no appreciable error is involved in taking them at 0° and 100°. 

Stem Correction.—For a thermometer to read correctly it 



Fig. 141-.—Graph for correcting a 
thermometer. 
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must be at the same temperature up to the division in question. 
Thus in determining the boiling point the stem should be immersed 
in steam up to 100® C. If only the bulb is immersed in a hot 
liquid and the stem is cold, the mercury in the stem does not 
expand, and the reading is consequently too low. This error 
may be allowed for by adding on what is known as the stem cor¬ 
rection, which may be as much as 1*5® C. if the bulb is at 100® C. 
and the stem at O® C. throughout. But stem corrections are 
always unsatisfactory owing to the impossibility of knowing 
definitely what the temperature of the stem is. 

Example.— Water boUs at 100° C. at the foot of a mountain and 
at 07'71° C. at its top. What is the height of the mountain ? 

Tlie barometric pressure at the foot is 76 cm., and at the top {cf. 
table on p. 141) 70 cm. The difference = 0 cm. =2*36 in. Using the rule 
1 inch for 900 feet, this gives 2124 feet. 

Thermometers for Special Purposes.—The portion of the tube not 
occupied by the mercury column is usually a vacuum. But in the 
case of a thermometer to be used at high temperatures, 250® C. to 
500° C., in order to prevent the mercury distilling and condensing 
on the upper part of the tube, the space above the mercury is filled 
with carbon dioxide or nitrogen at a pressure which may be as high 
as 20 atmospheres. 

In instruments intended for accurate work the scale is engraved 
on the outside of the stem. In some instruments the stem is made 
very thin, and the scale is engraved on a piece of opal glass, or merely 
printed on a piece of paper, and fixed to the back of the stem, the 
whole being encased in a wide glass tube to prevent relative displace¬ 
ment of scale and stem. This type is known as the sleeve thermo¬ 
meter in contra-distinction to the solid-stem thermometer, and has 
the advantage of greater legibility. 

Fig. 145 represents a clinical thermometer, the thermometer specially 
adapted for taking the temperature of the human body. As has 



Fig. 145.—Clinical thermometer. 


already been mentioned, this is done by placing the thermometer in 
the mouth or under the armpit of the patient and withdrawing it to 
be reach There is a constriction near the bulb, and the mercury in 
expanding flows through the constriction. But when the mercury 
cools, the column breaks at the constriction leaving its end at the 
maximum position. After the reading is taken, the mercury is got 
back through the constriction by holding the instrument vertically 
in the hand and jerking the arm in somewhat the same manner as 
when cracking a whip. As the temperature to be measured varies 
only through a range of from 95° F. to 110° F., the scale requires to 
be graduated only for this intervaL 
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Maximum and minimum thermometers record respectively the 
highest and lowest temperatures reached between two settings of the 
instrument. One form of maximum thermometer, known as Ruther¬ 
ford’s maximum thermometer, is simply a mercury thermometer with a 
horizontal stem, which contains in the vacuum a small steel index 
shaped like a dumb bell. When the mercury expands, it pushes the 
index along in front of it ; when it contracts, it leaves the index behind. 
Thus the end of the index nearer the mercury records the highest 
temperature reached. The instrument is re-set by tilting the stem 
and letting the index slide back to the mercury surface. Another 
form of maximum thermometer works on the same principle as the 
clinical thermometer. 




Rutherford’s minimum thermometer is an alcohol thermometer 
with a similar index inside the liquid column. When the column 
contracts, the meniscus pushes the index back in front of it. When 
the column expands, the liquid flows past the index. Thus the end 
of the index nearer the meniscus gives the lowest 
temperature reached. The index is re-set by p 
tilting the tube, so that it slides back to the ^ 

surface. | 

Fig. 146 represents Six’s combined maximum I 'I I 
and minimum thermometer. This instrument is ^ | i::, 

not an accurate one, but is much used by I i --1 _ 

gardeners. The bulb A in the middle is fllied p S “ 
with alcohol which extends as far as C. From Aj i 

C to D there is a column of mercury and above 51; I ^ 

D more alcohol, the upper half of F being | ^ 

occupied by alcohol vapour. B and E are two j 

dumb-bell-shaped iron indexes supported against fl 

the glass by weak springs. The alcohol in the . ^ 

bulb A is the thermometric fluid. When it ex- 

pands, it pushes the mercury and the index E in j 4 (j Six’s maxi- 

front of it, and the low'er end of E registers the mum and minimum 

maximum temperature; when it contracts, the thermometer, 
mercury pushes B up and the lower end of B 

registers the minimum. The indexes are re-set by means of a small 
magnet applied to the outside of the tube. The small figure at the 
side shows an index in detail. 


Examples I 

1. Change blood heat, 98°, summer heat, 76°, and temperate, 56°, 
all from the Fahrenheit to the Centigrade scale. 

2. Convert —4°, 22 °, 88°, and 112 ° C. to (i) the Fahrenheit scale, 
(ii) the Rdaumur scale. 

3. Convert —22°, 0°, 47°, 112° F. to the Centigrade scale. 

4. At what temperature has the Fahrenheit scale the same numerical 
value as (i) the Centigrade scale, (ii) the Reaumur scale ? 

5. At what temperature does water boil when the baronietric 
pressure is (i) 71 cm., (ii) 72-8 cm., (iii) 78-5 cm. ? 



6. About what temperature will water boil on the top of (i) Bet* 
Nevis, (ii) Mont Blanc ? Ben Nevis is 4406 ft. and Mont Blanc 15,781 
ft. high. Water boils at 75*9® C. when the pressure is 30 cm., and at 
98*5® C. when it is 60 cm. 

7. When the fixed points of a Centigi'ade thermometer are verified, 
it reads 0*5® at the freezing point and 99*2® at the boiling point. The 
barometric pressure is 75 cm. What is the correct reading when it 
reads 15®, and at what temperature is it exactly right ? 

8. Two thermometers are made of the same glass ; the bulbs are 
spherical, the internal diameter of the first being 7-5 mm. and of the 
second 6*2 mm. The diameter of the tube of the first is 2-5 mm. and 
of the second 1*8 mm. What is the ratio of the length of a degree of 
the first thermometer to a degree of the second ? 


CHAPTER II 
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EXPANSION OF SOLIDS AND LIQUIDS 

Expansion of Solids.—Solid bodies in general expand when heated. 
This can be demonstrated by a well-known apparatus known as 
Gravesande’s ring. This apparatus consists of a metal ring 
mounted on a stand, and when a metal sphere is lowered by a 
chain it can just pass through the ring. If, however, the sphere is 
heated by holding it over a flame, it will no longer pass through, 
as it has expanded and become too 
large. But if the ring is also heated so 
as to make it expand also, then the 
sphere can again pass through. 

Or if we have a vertical wire AB 
(Fig. 147), the upper end of which is 
attached to a horizontal lever FC, the 
end C of which passes over a vertical 
scale, and if the wire is heated by 
bringing a bunsen flame near it, then 
the point C travels up the scale, show¬ 
ing that the wire has increased in 
length. The motion of C can be in¬ 
creased by increasing the ratio of the 
arms FC and FB of the lever. 

\j Coefficient of Linear Expansion.— 

bar expands, the increase in length is 

(i) proportional to the original length, 

(ii) proportional to the change of temperature, 

(iii) and varies with the nature of the material. 

Thus, if /q is the lengtii at 0° C. and I the length at C. the 
increase in length 

I —^0 
or 

where ^ is a constant for the material in question known as its 
coefficient of linear expansion. To put the definition in words : 

The coefficient of linear expansion of a solid is the increase in 
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Fig. 147. 

It is found that when a 



length of a bar of unit length when its temperature is raised one 
degree. 

In scientific work the Centigrade scale is always used. If 
the Fahrenlieit scale were employed, the coefficient of linear 
expansion would be only 0 as large. If the range through which 
the solid IS heated is a very great one, the coefficient of linear 
expansion has not quite the same value throughout it, but this 
variation can be neglected unless in exceptional cases. The 
value of the coefficient of linear expansion is always very small; 
for example, in the case of copper it is 0 000017. 

Let us suppose that a copper rod is 10 000 cm. long at 10® C., 
and that its length is required at 18® C. Then from the above 
equation we have 


^10 = ^o(I + 10^) 

^:8 = ^10 = ^io(I+8^ — 80^2 , , 

Now for copper 8)3=0*000136 and 80^2=0*0000000231 ; hence 
80^2 can be neglected in comparison with 8/3. It is the same with 
all other metals. We can thus write simply 

/ja = fio(l + 8^) 

Thus, if I is the length at r C. and the rod is heated to tf* C., the 
increase of length is — t) within experimental error. It is 

not necessary to substitute Iq for 1. 


Example.— A copper bar is 37'20 cm. long. By how much does it 
increase in length when it is heated from 15*0® C. to 23-6® C. ? 

Answer =0 000017 x 37-20 x 8 0 =0 0054 cm. 


Example.— A metal metre scale was carefully measured at 5® C. 
and its length found to be 99*977 cm. At 35® C. its length was found 
to be 100 011 cm. ; calculate the coefficient of expansion of the metal, 
and find the temperature at which the scale is exactly 1 metre long. 


Coefficient of expansion 


100011—99*977 
~ 99*977(35—5) 
=0*0000113 


To become exactly right scale has to expand 100—99*977 

=0*023 cm. 


The required rise of temperature is 


_ 0*023 _ 

0*0000113 X99-977 


=20*4° 



The required temperature is consequently 25*4® C. 
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Measurement of Linear Expansion. —The measurement of the 
expansion of a solid consists essentially of the measurement of a 
small increase in length, and two types of apparatus are employed 
for the purpose, a type in which the increase is magnified by a 
lever as in Fig. 147 and a type in which it is measured directly with 
great accuracy. The first type suffers from 
the disadvantage that it is difficult to 
measure the magnification produced by the 
lever. Fig. 148 shows an elementary apparatus 
of the second type much used in colleges. 

S is a heating jacket consisting of two 
concentric cylinders between which cold 
water or steam can be passed. The rod to 
be experimented on stands upright inside the 
jacket. Before it is inserted in position, its 
length is. measured at the temperature of the 
room with a metre-stick. The upper end of 
the rod is flat and a screw IM can be made 
to touch it. This screw has usually a pitch 
of J mm. and a large circular head divided 
into 100 divisions, so that, if it is turned 
through one division, its point advances Fio. 148.—Apparatus 
through 555 mm. for measuring ex« 

Water is passed through the jacket, and pansion of a rod. 
the temperature taken by lowering a ther¬ 
mometer inside the jacket. As soon as it is steady, the screw is 
brought into contact with the end of the rod and the reading 
taken. It is then screwed upwards to allow space for the rod to 
expand, and steam passed through the jacket until the tempera¬ 
ture becomes constant again. The reading for contact is then 
taken, and the difference between the two readings gives the 
increase in length of the rod. 

Instead of using a screw, a microscope with a scale in its field 
of view may be focussed on the end of the rod, and the number 
of divisions the end moves through counted. 



tnlet 


Example. —A metal rod, 40-0 cm. long, is heated from 15 0® C. to 
100 0® C., and it is found that in order to maintain contact, the screw 
must be turned through 82 divisions on the circular head. Each 
division corresponds to 5 I 5 mm. Find the coefficient of expansion of 
the rod. 

82 X_JL_ 

fi=___*ooo 

40x85 

3=00000121 

Roy and RamsdeD*s Method.—The apparatus shown in Fig. 148 does 
not give very accurate results, for part of the rod is exposed to the 
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outside air, and does not attain the proper temperature. Also the 
wooden frame and screw themselves expand. Better results are 
obtained when the rod is rested horizontaUy on rollers in a bath of 
water. The first determination by this method was that of Roy and 
Ramsden. 

General Roy made a survey of Hounslow Heath in 1784 to get a 
base line for the first Ordnance Survey of Gngland, and he had an 
apparatus designed by Ramsden with which he investigated the 
variation in length of his measuring rods with temperature. This is 
shown in Fig. 149 ; it consists of three troughs which contain the bar 
to be experimented on and two similar bars of iron. The bar CD to be 
experimented on is in the middle, and carries the object glasses of two 



telescopes at G and L. The eyepieces of the same telescopes are 
carried by the bar AB in the first trough at O and N, and the telescopes 
are focussed on cross-wires carried by the bar EF in the third trough at 
H and K. The bar in the middle trough presses against a spring at 
C and against the point of a micrometer screw M. The upright G can 
also be screwed along the bar. 

The three troughs are filled with melting ice, and the screw M and 
position of the upright G adjusted, until the images of the cross-wires 
at H and K coincide with the cross-wires in the eyepieces. Then the 
middle trough is Iieated. The ice melts and the bar expands towards 
C, since the point of the screw at M does not permit it to expand in the 
other direction. W'hen the temperature is steady, M is turned until 
coincidence of the cross-wires is obtained at the right-hand end. It is 
then turned until coincidence is obtained at the left-hand end. The 
difference of the two readings gives the expansion of the middle bar 
between G and L. 

It will be observed that with this apparatus the constancy of the 
distances between the measuring instruments can be relied upon, as 
the bars carrying them are maintained at the temperature of melting ice. 

Applications. —In railways a snnall space is left between the 
ends of the rails in order to allow for the expansion of the rails 
in the hot days of summer. The force Avith which metals expand 
is very great indeed, and if there were no air space, the rails would 
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curve and twist from their positions. Similar provision has to 
be made for the expansion and contraction which takes place in 
metal structures, such as large bridges, etc. In fitting the iron 
tyre to a cart wheel it is made very hot, and consequently expands ; 
it is then placed in position. When it cools it embraces the wheel 
with great force, keeping itself in position and 
pressing home the spokes into their joints. 

The period of a pendulum depends on its 
length. In the case of a clock which is regulated 
by a pendulum, if the latter expands, the clock 
goes slower. It is thus a problem of practical 
importance to design a pendulum, the length of 
which is the same at all temperatures. One 
solution, the so-called gridiron pendulum, is 
represented in Fig. 150 ; A is the point of at¬ 
tachment of the pendulum which is supported 
by steel and brass rods. The steel rods are 
shown white, and the brass rods black, in tiie 
diagram. It will be observed from the diagram 
that the effect of an expansion of the steel rods 
is to lower the bob, and the effect of an expansion 
of the brass rods is to raise the bob. Let I be 
the total length of the steel rods, V the total 
length of the brass rods, let /8 and be their 
coefficients of expansion and let t be the rise in 
temperature. Then, if the bob remains at the 
same distance below the point of suspension, 

plt=^'rt and 

The coefficients of linear expansion of steel and 
brass are respectively 0*000011 and 0*0000187. 

Hence, if the total lengths of steel and brass 
rod are inversely in this ratio, the period is 
unaltered. 

A nickel steel called invar containing 36 per 
cent, of nickel has an extremely small coefficient 
of expansion, and is now much used for the construction of 
pendulum rods and standards of length. It is sufficient that 
the pendulum rod should be constructed of invar, except when 
extreme accuracy is required. 

When the temperature rises, the balance-wheel of a watch 
expands, and at the same time the elasticity of the hair-spring 
decreases. Both these effects malve the watch go slower. If, 
however, the rim of the balance wheel is made of strips of two 
different metals as shown in Fig. 151, the outer strip having the 
larger coefficient of expansion, when the temperature rises the 



Fig. 150.—Grid* 
iron pendulum. 



outer strip expands more than the inner strip, and tlie semi¬ 
circles become more curved. The mass of the wheel consequently 

moves in towards E, the axis of rotation, 
and the moment of inertia of the wheel 
diminishes instead of increasing. Hence 
by choosing the dimensions of the wheel 
suitably and adjusting the small screws 
the change in the elasticity of the hair¬ 
spring may be compensated for, and the 
period kept constant. 

The glass flasks and beakers used in 
a laboratory for heating liquids must 
have thin walls. This is because glass 
is a bad conductor of heat, and if thick 
walls are used, the outside surface ex¬ 
pands while the inside is still cold; the glass consequently 
becomes strained and cracks. Nowadays vessels can be made 
of fused quartz instead of glass ; such vessels are not unlike 
glass in appearance, but they are considerably more expensive. 
They can be plunged into a hot bath without fear of injury, even 
if comparatively thick, because, although fused quartz is a bad 
conductor of heat, it has a much smaller coefficient of expansion 
than glass. 

In experiments on the passage of electricity through gases 
it is often necessary to have wires passing through the sides of 
glass vessels and making an air-tight joint. Since the wire is 
sealed in when the glass is hot, it is necessary for its material 
to have the same coefficient of expansion as the glass has, if the 
joint is to remain air tight as it cools down. Platinum fulfils 
this condition, and was formerly used widely for the purpose. But 
since the war it has been replaced in electric lamps by platinite, 
a nickel iron alloy, with a great saving in the cost of manufacture. 

Stress produced by Change of Temperature.—In order to get an 
idea of tiie magnitude of the forces which bodies are capable of exerting 
when their temperature is increased, we shall calculate the value for 
one simple case. 

Let a wire of length L and cross-sectional area A hang vertically 
under gravity, and have its temperature increased by C. Its length 
is consequently increased by ^L.t. Then suppose that the temperature 
falls to its original value, but that the length of the wire is maintained 
at the increased value by the application of a force F to its lower end. 
The increase in length produced by the force must consequently be 
equal to the decrease produced by the fall in temperature. Thus, if 
E denotes Young’s modulus for the material 

^ _ force per unit urea F/A _ F 

increase in length per unit length ABt 



Fio. 151.—Balance-wheel 
of a watch. 
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Hence 

Let us suppose now that the wire is a copper one, that A is 1 sq. inm., 
and that i is 1® C. For copper E = 12-6xl0*‘ dynes per sq, cm,, and 
/5=0000017. Hence 

F = 12-6 X X 10-8x0 000017 
=:214,200 dynes, or about 218 gm. wt. 

A weight of about 20 kg. attached to the end of this wire would be 
suificient to break it. 

Cubical Expansion. —In the case of crystals such as quartz 
or Iceland spar the coefficient of linear expansion is different 
according as the direction of expansion is parallel or perpen¬ 
dicular to the axis of the crystal. In the case of woods it is 
different along and across the grain. Such substances are called 
selotropic. 

Let us suppose that a rectangular block, the lengths of the 
sides of which are a, by and c, is heated through a range of tem¬ 
perature C., and that the coefficients of linear expansion in 
the directions of the three sides are /Sj, ^ 2 > fis’ Then the 
lengths of the sides become a(l+^i0» ^(I+^ 20 » ^nd c(l+^ 3 <), 
and the volume of the block becomes 

where v is its original volume. Since ^i, ^^rid ySs are very 
small, only their first powers require to be retained, and the 
volume becomes 

Suppose now that the block is isotropic, i.e. the same in all direc¬ 
tions, then the volume becomes 

3 ^ is defined to be the coefficient of cubical expansion of the 
block. The coefficient of cubical expansion is conseqxienthj three 
times the coefficient of linear expansion. Also the above expression 
gives the volume of the solid after heating, whether the original 
form is rectangular or not, because an irregular form can be 
divided up into a great number of little rectangular blocks. 

To put the definition in words : 

The coefficient of cubical expansion of a substance is the increase 
in volume of unit volume when its temperature is raised one 
degree. 

Since a liquid has a definite volume but no definite shape, 
when we refer to its coefficient of expansion it is always the 
coefficient of cubical expansion that is meant. 
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In the same way the coefficient of areal or superficial expansion 
is twice the coefficient of linear expansion. 

Effect of Temperature on Density. —Let a denote the coefficient 
of cubical expansion of a substance. Then if Vq denote its volume 
at O® C. and v denote its volume at C., 

i;=ro(l -\-oct) 

Let po denote the density at 0® C. and p the density at t° C. Then, 
since the mass is constant, 

Vp=VQPo 

Hence, substituting in the former equation 



Po 

l-f-of 


Thus the density of the substance decreases with rise of tempera¬ 
ture. The result, of course, applies* to liquids as well as solids. 

Dilatometer.—Fig. 152 represents a dilatometer, which consists 
of a glass vessel with a long straight graduated neck. Let y be 

the coefficient of cubical expansion of the glass. Let 
the dilatometer contain liquid up to the level A at a 
temperature of O® C., let the coefficient of cubical 
expansion of the liquid be a, and let the volume of 
the liquid be v. Let the vessel and liquid be heated 
through a range of t® C. Consider their expansions 
separately. 

Suppose the vessel were filled with glass up to 
the level A instead of with liquid. Then it would 
expand as a solid mass. The volume of glass enclosed 
would be V. Consequently the volume of the vessel 
up to A at the higher temperature would be v{X-\-yt)* 
If the liquid did not expand, its level would sink to 

_ B, the volume of AB at the higher temperature being 

*Dilatonie- owing to the expansion of the liquid its 

ter. level rises to C and its volume becomes 5y(l+od), th€ 

volume of BC at the higher temperature being v^. 

If we had not allowed for the expansion of the glass, we 
would have taken AC for the expansion of the liquid. This 
volume is called its apparent expansion. Xhe coefficient of apparent 
et^onsion of a liquid is defined as the apparent iTtcrease in volume 
pet unit volume divided by the increase in temperature. Let it be 
denoted by a'. We have then 



, AC BC—BA vexi—vyt 

a =—-=-3-=-^ -=a—y 

vt vt vt * 


or putting the result in words : The coefficient of true expansion 
of' a liquid is the sum of the coefficient of apparent expansion and 
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the coefficient of cubical expansion of the vessel. The coefficient of 
true expansion is often referred to as the coefficient of absolute 
expansion. 

In order to make a determination of the coefficient of apparent 
expansion by the dilatometer it is necessary to know (i) its volume 
to the foot of the scale, and (ii) the volume of a division on the 
scale. This can be obtained by weighing the vessel empty, full 
of mercury to the foot of the scale, and full of mercury to the 
top of the scale, all at the same temperature. The volumes can 
then be obtained from the density of mercury. 

Examplb. —A thermometer is sunk to the 20* mark in a liquid and 
reads 80* C. The mean temperature of the rest of the stem is 30* C. 
Find the true temperature of the liquid, given that the coefficients 
of cubical expansion of mercury and glass are 0 000182 and 0-000024. 

The mercury thermometer behaves like a dilatometer, and we 
can calculate the expansion of the mercury column relative to the 
glass simply by ignoring the expansion of the glass and using the 
coefficient of apparent expansion of mercury. The latter is given in 
this case by 

a'—a—y=0000182—0000024=0000158 

The length of the mercury column between the 20* and 80® marks is 
60 divisions. It should be at 80* C., but is only at 30° C. If it were 
at its proper temperature, its length w'ould be 

60(1+50x0 000158) =00-47 div. 

The true temperature is therefore 80-47* C. 

Weight Thermometer. —Another method of measuring the 
coefficient of apparent expansion of a liquid is by means of the 
weight thermometer, a little glass vessel with a piece 
of bent capillary tube as neck, as shown in Fig. 153. 

It is weighed first empty, then filled to the end of 
the capillary with the liquid in question by alternate 
heating and cooling with the mouth below the sur¬ 
face of the liquid, and weighed again. The difference 
of these two weighings gives ic, the weight of the 
liquid contained. It is next transferred to a water- 
bath and heated through a range of temperature 

C.; the liquid expands more than the glass does, 
and some is expelled from the capillary. The vessel 
is then weighed a third time, and tv\ the weight of 
the liquid left in it, determined. The weight expelled 
is w — w'. The apparent increase in volume is to the original 
volume as w — zv' to w\ Hence the coefficient of apparent cubical 
expansion is 

u>— w’ 



Kig. 153.— 
Weight tlier® 
inometer* 



154 


HEAT 


The coefficient of true expansion can then be obtained by 
adding the coefficient of cubical expansion of the glass to the 
result. As the coefficient of cubical expansion of glass varies 
with the nature of the glass, it is best determined experimentally 
for any particular weight thermometer by using the latter first 
to determine the coefficient of apparent expansion of mercury, 
the absolute expansion of which is known very accurately. The 
value for the glass can then be obtained by subtraction. Mercury 
IS very suitable for this purpose because its coefficient of expansion 
is small, and the expansion of the vessel has consequently a large 
influence on the result. 

Fused quartz has, as has already been mentioned, a very 
small coefficient of cubical expansion, only about one-hundredth 
of the coefficient of cubical expansion of mercury. Hence if 
the weight thermometer is made of fused quartz, the expansion 
of the vessel can for most purposes be neglected. 

A small specific gravity bottle may be used instead of a 
weight thermometer; in this case the liquid which is expelled 
through the hole in the stopper must be wiped off;- ♦ 

Absolute Expansion of 
Mercury. —A direct method 
of determining the coefficient 
of absolute expansion of 
mercury was devised and 
carried out by Hulong and 
Petit about 1816. This 
method is based on the 
principle that, if two columns 
produce equal pressures, their 
heights are inversely as their 
densities. 

It is represented in 
principle in Fig. 154. A and 
Fig. 154.— Principle of Dutong and P are two vertical glass 
Petit’s apparatus. tubes connected by a hori¬ 

zontal capillary C. Each 
tube is surrounded by a metal case indicated by dotted lines; 
the case surrounding A is filled with ice, and that surrounding B 
contains oil heated to temperature C. 

Let Ao, po be the height and density of column A, and /i, p 
the height and density of column B, Then, since the pressure 
at the foot of each column is the same, 

^'‘o^Po =hgp 

and ^qPq =hp 

Hut we have already shown that o=— 

^ ^ 1-hca 
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Hence 
and 

If the difference in height of the columns is measured, a can be 
calculated. The method was improved by Regnault in 1842 
and another determination made, and recently it has been further 
improved by Callendar. 

Regnault*s Apparatus for Absolute Expansion of Mercury.— 
In Dulong and Petit’s apparatus the top of the hot column of mercury 
had to project above the cover of the oil bath to be visible, and hence 
did not attain the proper temperature. The two mercury surfaces 
also had different curvatures, because the surface tension of mercury 
is much less when it is hot tlian 



The pressure is the same on both sides at the level of C, but the 
density of AA' is less than the density of BB'. Hence the pressure 
at A' is less than the pressure at B'. This difference in pressure is 
measured by the difference in level of the mercury at G and H. Denote 
this by I, let the difference in level of C and A' or B' be L, let the 
densities of tlie cold and hot mercury be respectively po and p, and let 
I be the difference in temperature. 


1 + 0 / = ^ 


a = 


h 

K 

h — ^0 


hot 
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Then 

Lgp *= Lgpo - -Igp 

Thus 

L—f 

P-Po L 

But 

Pe = p{l 4-aO 

Hence 

® <(L-/) 


o 


Hydrostatic Method of determlmng Coefficient of Expansion.— 
Let a solid be weighed in air, in liquid at C., and in the same liquid 
at < 4 ° C., <2 being greater than Then we know m, and mj, the masses 
of liquid displaced at C. and 1^° C. respectively. Let pi and be 
the densities of the liquid at the same two temperatures, let a be the 
coeflicient of cubical expansion of the liquid, and let y be the coefficient 
of cubical expansion of the solid. 

The volumes of the solid at the two temperatures are trii/pi and 

mjp^. 

Hence ^ 

Pa Pi 

But by the result proved on p. 152, 

Hence, eliminating p^ and p 2 < 

^ l-4-y(<2—<i) 
m, l+a(<2— 



Thus, if either y or a is known, the 
other can be calculated as a result of 
the experiment. 

Maximum Density of Water.— 

The expansion of water is anoma¬ 
lous ; when it is heated from O® C. 
to 100® C., it contracts from 0® C. 
to 4® C., then expands to 100® C., 
the coefficient of expansion increas¬ 
ing with the temperature. At 4® C. 
its density is a maximum; as is 
well known, the unit of mass is 
defined on the c.g.s. system, so as 
to make the density of water luiity 
at this temperature. 

The temperature of maximum 
density can be determined by 
Fio. 156.—Hope’s apparatus. Hope’s apparatus, which is shown 

in Fig. 156, and consists of a glass 
jar surrounded at its middle by an ice jacket and carrying 
two thermometers, one above and one below the ice. If the 
temperature of the water is initially 15® C., as the water is cooled 
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by the ice it sinks, and so the lower thermometer gives a lower 
temperature than the upper one until 4® C. is reached, when it 
remains stationary at this temperature ; then the colder water 
begins to ascend, and as a consequence the upper thermometer 
descends to 4® C. and passes below it. 

The fact that, when the cold air causes the temperature 
of a lake to fall below 4® C., the colder water remains on the 
surface, is of great importance in nature, 
for it prevents convection currents down¬ 
wards, and the water below remains at 
4® C. even in the most severe winter, thus 
preventing plants and animals from being 
frozen. 

Owing to its variation with temperature, 
when the coefficient of expansion of water is 
determined by the weight thermometer, the 
result obtained, which is of course an average, 
varies greatly with the range experimented 
on. A table of the density of water at dif¬ 
ferent temperatures is given at the end of 
the book. 

Thermostat.—The expansion of a liquid is used 
to maintain a water-bath or other apparatus at a 
constant temperature. Fig. 157 shows one form 
of thermostat, in this case a gas regulator. It is 
placed in the bath, and the gas passes through 
it before reaching the burners which do the 
heating. The bulb A contains toluene or some 
other highly expansible liquid ; the lower part 
of A and the narrow tube contain mercury. 

When the temperature of the bath rises, the 
toluene expands, forces the mercury up the tube, 

and shuts off the supply of gas at B. A small Fio. 157.—Gas regu- 

bye-pass at C prevents the flame from being lator. 

wholly extinguished. When the temperature billow's 

^_ll_ 4.1® 4.4. J41 ^ 4> (Edward Aruold & Co.), 

tails, the toluene contracts, and the pressure of 

the gas increases. The temperature to be maintained is regulated by 
raising or lowering the outlet at B. 

Examples II 

1. A brass rod and a steel rod are both measured at 0® C. and their 
lengths found to be 150-00 and 150-20 cm. respectively. At what 
temperature are their lengths equal, and what is their cotninon length 
at this temperature ? The coefficients of expansion of brass and steel 
are 0-0000187 and 0-000011 respectively. 

2. Find the least distance that must be distributed over 20 miles 
of railway, which is laid at 87® F., in order to allow for expansion to 
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120® F. in summer. The coefficient of expansion of wrought iron is 
0*0000122 per degree Centigrade. 

8. A pendulum which is made wholly of brass beats seconds when 
the temperature is 15® C. Find how many seconds it will gain or lose 
in a day, if the temperature rises to 20® C. The coefficient of linear 
expansion for brass is 0*0000189. (You may assume for purposes of 
calculation, that the pendulum consists of an infinitely light brass 
rod with a weight at its end ; the form of the pendulum does not 
affect the influence of temperature on its period.) 

4. The height of the barometer is found to be 78*25 cm. at 22® C. 
Find at what height the column would stand, if its temperature were 
O® C. Coefficient of absolute expansion of mercury =0*000182. 

5. The area of a brass plate is 123*02 sq. cm. at 5® C. What will 
it be at 122° C., given that the coefficient of linear expansion of brass 
is 0*0000189 ? 

6. By how many inches is the circumference of an iron wheel 
increased, when its temperature is raised 400® C. ? The diameter 
of the wheel is 3 ft., and the coefficient of expansion of iron is 0*0000122. 

7. The coefficient of linear expansion of Iceland spar is 0*0000251 
parallel to the axis and —0*0000056 at right angles to the axis. The 
crystal contracts at right angles to the axis, when it is heated. The 
volume of a piece of Iceland spar is 30*20 c.c. at 15® C. By how much 
has it increased at 40® C. ? 

8. The coefficient of linear expansion of pine is about 0*000005 
along the grain and 0*000034 across the grain. Find how much a 
sphere of 6 cm. diameter made of pine will expand on being heated 
from 10° to 40® C. 

9. The density of mercury is 13*5955 gm. per c.c. at 0° C. Its 
coefficient of cubical expansion is 0*000182. What is its density at 
60° C. ? 

10. The density of water is 1*0000 at 4® C. and 0*9718 at 80° C. 
A cube of glass of 3 cm. edge is weighed in water at both temperatures. 
Find the difference of the two results, given that the coefficient of 
linear expansion of the glass is 0*000009. 

11. A thermometer is sunk to the 25® mark in a liquid and reads 
85° C. The mean temperature of the rest of the stem is 30® C. Find 
the true temperature of the liquid, the coefficient of expansion of 
mercury-in-glass being 0*00015. 

12. An accurate Centigrade thermometer is immersed to its —10° 
mark in steam at 100® C., i.e. its bulb is wholly immersed, bur none 
of the stem is, and the sterr is exposed to a cold draught, so that its 
mean temperature is 15® C. What does the instrument read, given 
that the coefficient of apparent expansion of mercury-in-glass is 0*00015 ? 

13. The bulb of a thermometer, together with as much of the stem 
as is below 0° C., contains at that temperature 2*83 gm. of mercury. 
Each degree on the stem is 1 mm. long. Calculate the diameter of 
the stem on the assumption that the apparent expansion of mercury- 
in-glass is 0*000155. 

14. A specific gravity bottle weighs 21*57 gm. empty and 60*90 gm. 
when full of water at 20® C. Wlien full of water at 00® C. it weighs 
68 *89 gm. The coefficient of cubical expansion of the bottle is 0*000025. 
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What is the average coefficient of cubical expansion of water over the 
range 20° C. to 90° C. ? 

16. A weight thermometer, which contains 100 gm. of mercury 
at 10° C., is placed in an oil-bath, and the mercury expelled is found to 
weigh 1-89 gm. Find the temperature of the bath, the coefficient of 
apparent expansion of mercury in glass being 0 000155. 

16. A weight thermometer contains 122-70 gm. of mercury at 
16® C. It is heated to 82° C. What weight of mercury is expelled, 
given that the coefficient of apparent expansion of mercury relative 
to glass is 0-000155 ? 



CHAPTER HI 

EXPANSION OF GASES 

ExpcinsiOD of Gases.—When gases are heated they expand much 
more than solids or liquids. This can be shown by the arrange¬ 
ment depicted in Fig. 158, which was used by Galileo as a thermo¬ 
meter, and is often used for demonstration purposes. It consists 

of a glass bulb containing air, with a long, straiglit 
neck dipping into water usually coloured blue or black 
to make it visible. The level of the water is made 
to stand halfway down the stem. When the tempera¬ 
ture of the bulb is increased, for example, by clasping 
the fingers round it, the air in it expands, and the top 
of the water column travels down the stem. 

\Vhen measuring the coefficient of expansion of a 
liquid or solid it is not necessary for the atmospheric- 
pressure on it to be constant throughout the opera¬ 
tion. Any change in its volume produced by an 
Fig. 158. alteration of pressure is so small in comparison with 

the change produced by the increase in temperature, 
that it can be ignored. But it is quite otherwise in the case of 
gases ; they are so compressible that we must specify the pres¬ 
sure conditions before wc can investigate the effect of heat upon 
them. There are two cases of special importance : 

(i) The pressure is kept constant, and the alteration in volume 
is observed when the temperature is increased. Let Vq be the 
volume of a gas at O® C. in this case, and v its volume under the 
same pressure at i® C., measured on the mercury-in-glass thermo¬ 
meter. Then it is found that 

V =^Vo(l-^oe.pt) 

where is a constant for the gas called its coefficient Of expansion 
ai constant pressure. Putting the definition in words : 

7'he coejjicient of expansion of a gas at constant pressure is the 
ratio of the increase in volume for a rise of one degree in tempera^ 
ture to its volume at O® C., the pressure of the gas remaining constant. 

(ii) The volume of the gas is kept constant by shutting it up 
in a closed vessel and the temperature altered. It is found in 
this case that the pressure rises as the temperature rises. LeX 
po be its value at O® C. and p its value at /® C. Then 

p=Po(lH-av/; 

160 
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where ot, is a constant for the gas called its coefficient of increase 
of pressure at constant voiume. It is also often called the coefh' 
cient of expansion at constant volume, in spite of this expression 
being a contradiction in terms. Putting the definition in words : 

The coefficient of increase in pressure of a gas at constant volume 
is the ratio of the increase in pressure for a rise of one degree in 
temperature to its pressure at O® C., the volume of the gas remaining 
constant. 

It should be noted, that if v is the volume of a gas at t° C. and 
its volume at tf* C. under the same pressure, we can not use 
the approximation made on p. 146, in the case of solids, and write 

vi=v{l+ap(/i —t)) 

ctp and Oy are too large in the case of gases for their squares to be 
neglected. 

We have v =Vo{l-\~ccpt) 

and vi = UoC 1 i) 

Hence 

^ 1+ocpZ 

and this rigorous equation must be used when obtaining one 
volume in terms of another. A similar equation must be used 
when calculating one pressure from another. 

Equality of the Coefficients. —It may be shown theoretically, 
that if the gas obeys Boyle’s law, a^=at,. For let the volume of 
the gas be Vq at 0® C. and pressure Pq, and let the temperature be 
raised to i® C., keeping the pressure constant. Then the volume “• 
is given by 

If, on the contrary, the temperature is raised keeping the volume 
constant, the pressure is given by 

P=Po(H-avO 

But by Boyle’s law PqV=pvq 

that is PoVoi^ “Po^o(I 

whence =oty 

As the gases we deal with obey Boyle’s law, we shall drop the 
sufiix and write or.p =oty =a. 

Charles’s Law. —The following law is known as Charles’s 
Law : 

The common gases when kept at constant pressure expand by 
a aefinite fraction of their voluTne at 0® C. for each degree rise in 
temperature. This fraction is the same for them all. 

We have already stated the first part of the law by the formula 
for V on p. 160. The first thorough proof of the law was given 
by Gay Lussac in a paper published in 1802. He showed then 
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that the volumes of the common gases at 0 ® C. were to their 
volumes at 100® C. in the ratio 100 to 137. At a slightly earlier 
date Dalton in England had obtained the ratio 100 to 139 for air. 
Later Regnault made a very accurate determination of a, and 
showed that it was independent of the pressure. His result for 
air was 0*00366 or 5 ^ 5 . Charles’s law holds with almost the same 
degree of exactitude as Boyle’s law does, a being practically 
constant for the permanent gases for all ranges of temperature 
recorded by a mercury-in-glass thermometer. 

Charles held a minor post in the Civil Service, but lost it during an 
economy campaign. He thereafter became a lecturer on popular 
science, and was very successful in drawing electricity from thunder¬ 
clouds—it was the epoch of Franklin’s work, and science was fashionable 
at Paris. Wlien the brothers Montgolfier introduced their hot-air 
balloons in 1783, lie invented and made the first hydrogen balloon, 
and ascended in it to a height of 7000 ft. 

Determination of a at Constant Pressure. — Fig. 159 represents 
a simple arrangement for determining the coefficient of expansion 
of a gas at constant pressure. It consists of a piece of wide 
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capillary tube, of uniform bore, and about 50 cm. long. One 
end is sealed and a wider tube is joined at right angles to the 
other end. A thread of mercury is introduced into the capillary 
so as to rest one-third of the way along it at ordinary temperatures. 
The capillary is kept horizontal. Thus a definite mass of gas 
is confined between the sealed end and the mercury thread at 
atmospheric pressure. The tube is immersed in a water-bath, 
the surface of the water being represented by the broken line, 
and the temperature of the water varied, first by putting ice in 
it and then by heating it up to boiling point. The length of the 
column of gas enclosed is measured at the different temperatures, 
and the volume is assumed to be proportional to the length. 

Another method is to take a dry flask which is closed by a rubber 
stopper through which passes a short capill.ary tube, and immerse 
it neck upwards in a vessel containing water at GO® or 70® C. It 
is held down with the end of the capillary just projecting above 
the surface of the water. Then when the gas in the flask has 
attained the temperature of the water, the mouth of the tube 
is closed with a finger, and the flask removed and immersed 
completely, as quickly as possible, with its neck downwards in a 
large vessel of ice-cold water. The finger is then removed. 
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Owing to tlie fall of temperature, the gas contracts and water 
runs into the flask. When the flask has attained the temperature 
of the water, it is raised until the surface of the water is at the 
same level inside and outside it. The gas inside is then once 
more at atmospheric pressure. The mouth of the tube is then 
closed, and the flask removed and inverted. Then, when its 
outside surface has been dried, it is weighed. It is next com¬ 
pletely filled with water and weighed again. Before starting 
the experiment it had been weighed empty. Thus we know the 
weight of the water that ran in at the lower temperature and the 
weight that would be required to fill the flask, and consequently 
the volume v occupied by the water that ran in and the volume 

V of the whole fiask. The volume at 0® C. is consequently 

V —V and the increase in volume v. Hence 


V 


where t is the difference of temperature. 

Instead of weighing the flask the volumes may be obtained 
by a measuring cylinder. 

In both the above methods the expansion of the glass is 
neglected, but the methods are not 
accurate enough to make it worth 
while taking the expansion of the 
glass into consideration. 

Determination of a at Constant 
Pressure. Regnault's Method.—Pig. 160 
represents an accurate method for 
determining a at constant pressure, 
the method which Regnault found 
most satisfactory for the purpose. A 
is a glass bulb connected by a capillary 
tube through the three-way stop-cock 
at E with the graduated tube B. The 
lower part of B is filled with mercury; 

D is a tap by which the mercury can 
be drawn off, and the tube C is open 
to the atmosphere. The tubes B and 
C are immersed in water in order to 
keep their temperature constant. 

The gas is admitted to the bulb A 
through the stop-cock K after passing 
through drying tubes, and the process 



<^0 

Fig. ICO.—Rcgnault’s appar.atus 
for determining a at constant 
pressure. 


of exhaustion and refilling repeated several times, the bulb being gently 
heated, so as to remove all traces of the moisture which is always 
present on a glass surface. The cock is then turned so that A and B 
ore in communication, and the tube by which the gas entered closed. 
The bulb is next Immersed in melting ice, and the level of the mercury 

C 
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at U and C noted ; the pressure of the gas is equal to the atmospheric 
pressure increased by the pressure due to the difference in level of C 
and B. The bulb A is then heated to a known temperature. The air 
expands, pushing the surface down at B and up at C, but mercury 
is withdrawn at 1) untU the difference in level, and consequently the 
pressure on the gas, is the same as before. The increase in volume 
is then obtained from the graduations on B. 

The result has to be corrected for the expansion of the bulb and 
for the fact that the gas in the graduated tube is not at the same 
temperature as the gas in the bulb. The volumes of the bulb and of 
the different portions of the graduated tube are obtained by weighing 
them empty and full of mercury. 

Miller’s Air Thermometer.—Miller’s air thermometer (Fig. 161) is a 
piece of apparatus for determining a at constant pressure, very suitable 

for use in schools. The air or other gas is intro¬ 
duced through the stopcock at K. S is a siphon 
connected by the rubber tube GF with the long 
cylindrical measuring glass. The latter can be 
raised and lowered in a vertical direction. The 
tube B indicates the level of the mercury in the 
bulb; the latter cannot be seen for the copper 
heater \V, which is shown in outline. 

In performing the experiment the heater is filled 
witli ice-cold water, and the measuring cylinder 
adjusted until the level of the mercury is the same 
at B and C. The pressure in the bulb is then 
atmospheric. The water is next heated ; the air 
expands, driving mercury out of the bulb through 
the siphon and lowering the level at A and B 
simultaneously. The cylinder EF is then lowered 
until the level at C is the same as at B. The 
volume of mercury which has run into the 
cylinder during the operation is then read off; it 
measures the increase in volume of the air in the 
bulb during the change of temperature. And the 
pressure is, of course, again atmospheric. 

In order to determine the initial volume of the 
air the temperature is brought back to 0° C. and 
the pressure to atmospheric. T'he stopcock at K is then opened, and 
mercury poured into the cylinder, until the bulb is filled with mercury. 
The difference of the volume of the mercury poured in and the increase 
in volume of the mercury in the cylinder then gives the volume of the 
bulb. Sometimes the apparatus is fitted with a tap at F for with¬ 
drawing mercury. 

Determination of a at Constant Volume. —Fig. 162 represents 

an apparatus for determining a at constant volume much used 
in students’ courses. The gas to be experimented on is contained 
in the glass bulb A ; tliis is made in one piece with the tube BC, 
the whole being kept fixed in position by supports not shown in 



air thermometer. 
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the figure. The glass tubeBC is connected by rubber tubing with 
the vertical glass tube DFG ; the latter can be moved up and 
down and clamped in different positions on the scale. The lower 
parts of both tubes and the rubber 
tubing contain mercury. The bulb A 
is surrounded by a can W containing 
water, the position of which is indi¬ 
cated by the dotted lines. A mark is 
engraved on the left-hand tube at C. 

The position of the right-hand tube is 
adjusted, until the surface of the mer¬ 
cury in the left-hand tube just rises 
to this mark, then the difference of 
level of the mercury in the two tubes 
and the temperature t of the water in 
the can are noted. The water is then 
heated to temperature the right- 
hand tube raised up the vertical scale 
until the surface of the mercury in 
the left-hand tube is brought back to 
the mark at C, and the difference of 
level in the two tubes noted. The 



volume of the gas enclosed by the ^ k 

--- fu_:_ J _ Fig. 162.—Apparatus for deter- 


mining o at constant volume. 


mercury is thus the same in each case. 

The pressure is obtained by adding the 
barometric pressure to the difference of level of the mercury in 
the two tubes ; let p be its value in the first case, and p, its 
value in the second case. Then 


whence 


p=Po(lH-aO and Pi=Po(l+a^i) 

p_ _ 1 -\-a it 

Pi“i+aii 


and 




The volume of gas in the part of the tube protruding out of 
the water should be small in comparison with the volume of tlie 
bulb. If the right-hand tube is left in too high a position, when 
the gas is cooled the mercury sometimes runs over into the bulb, 
and there is difficulty in getting it out again. 

Air Thermometer. —So far we have measured temperature on 
the mercury-in-glass scale. The facts that the different gases 
have all the same coefficient of expansion, that a gas can be used 
as thermometric substance a long way below the freezing point 
and above the boiling point of mercury, and that tJie expansion 
of gases is so much greater than the expansion of their containing 
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vessels that the latter is comparatively unimportant, are all 

strong reasons for using a gas as thermometric substance instead 
oi mercury. 

Accordingly the International Committee of Weights and 
Measures (1887) has taken as its standard thermometric scale 
that ot the constant volume hydrogen thermometer. The latter 
instrument is in principle like the apparatus shown in Fig. 162, 
oi^y It has the top of the right-hand tube closed and the space 
Ti the pressure on the gas is obtained directly from 

le dmer^ce m level of the two mercury surfaces witliout the 
use of a barometer ; this makes the scale independent of the 
fluctuations of the pressure of the atmosphere. The bulb is filled 
with hydrogen. The surface of the mercury is always brought 
back to the mark C. To calibrate the instrument the bulb is 
immersed m melting ice and the level of F marked on the scale ; 
it IS then immersed in steam given off by water boiling under 
standard pressure and the level of F again marked. These two 
marks are taken as the 0® and 100® C. graduations, and the 
vertical scale is divided into 100 equal parts between the marks, 
and into parts of the same length above the 100® C. mark and 
below the 0® C. mark. 

The hydrogen thermometer on account of its size is seldom 
used directly, but forms a standard of reference for correcting 
mercury thermometers by» The maximum divergence between 
the mercury thermometer and the hydrogen thermometer is less 
than 0-2 C for the range 0® to 100® C. Mercury thermometers 
made of different kinds of glass differ, of course, slightly from one 
another* By using a porcelain vessel to contain the gas tem¬ 
peratures as high as 1100^ C* can be measured by the hydroeren 
thermometer. ^ 

Absolute Temperature. —The pressure of the hydrogen in 
the constant volume hydrogen thermometer is given by the 
formula 


P=Poil~\-cct) 


I being the temperature on the instrument’s own scale. Suppose 
t is negative ; then as the temperature decreases p decreases, 

and finally when /= —273° C., the pressure becomes zero. 


As it is impossible to think of the pressure of a gas being less 
than zero, this temperature is considered to be the lowest tempera¬ 
ture possible and to denote entire absence of heat ; it is termed 
the absolute zero.” When temperature is measured in degrees 
Centigrade from the absolute zero, it is referred to as “ absolute 
temperature, and is said to be measured in degrees absolute f 
thus 100° C. is 373° abs., —10® C. is 263® abs. 
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At present the name degrees Kelvin is coming into use instead 
of degrees absolute, especially in America ; thus 100® C. =373* K. 
Kelvin’s name has been associated with this scale because he 
first put it upon a rigorous basis. 

The lowest temperature that has ever been reached is that 
of the liquefaction of helium, namely —271*3® C. Helium was 
liquefied by Kamerlingh Onnes in 1911. 

The Gas Equation. —Let us suppose that at temperature t 
the pressure and volume of a mass of gas are given by p and v. 
Keep the pressure constant, but decrease the temperature to 
0° C. and suppose the volume decreases to v^. Then 

pz;=pui(l+a/) 

Now change the pressure p to standard atmospheric pressure, 
denoting the latter by Pq and at the same time let Vx become 
Vo, the temperature remaining constant. Then by Boyle’s law 

Hence pv=PqVq{\ +a/) 

Let T denote the absolute temperature of the gas. Then 

a a 


Consequently, on substituting in the previous equation. 


pv 


^ =^Pq^o =const. =R 


The equation 



is referred to as the gas equation, equation of state, or character¬ 
istic equation of a gas, and is of great use in solving numerical 
examples. As it is derived from Boyle’s law and Charles’s law, 
it holds naturally only for gases for which these laws hold. 

It follows from the gas equation, that if the volume is con¬ 
stant, the pressure varies as the absolute temperature, and that 
if the pressure is constant, the volume varies as the absolute 
temperature. 


The Gas Constant.—Let m be the mass of the molecule of a gas 
and N the number of molecules per unit volume under standard con¬ 
ditions, that is, ur»der atmospheric pressure and at 0° C. Tlien Nw 
is its density and l/(Nm) the volume of unit mass. The molecular 
weight of a gas is the ratio of the mass of one molecule to the mass of 
one atom of hydrogen, and the number of grams of a substance equal 
to the number which represents its molecular weight, is spoken of as 
Its gram-molecule. The gram-molecule of the gas is mjma gm., where 
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mn is the mass of an atom of hydrogen. The volume of a gram- 
molecule of the gas under standard conditions is consequently ^ 

— X—=-i- 

ma Nm Nme 

The gas equation becomes, for standard conditions, 

-X% 

0 

If the mass of the gas is one gram-molecule, this becomes 

Po 


NmoT, 


=R 


But by Avogadro’s hypothesis N is the same for all gases. Hence if 
we assume that the gas equation refers to a mass of one gram-mole- 
cuie, K has the same value for all gases. 

Example. Given that the volume of a gas is 2300 c.c. at 0° C» 
and a pressure of 76 cm., what is it at 15* C. and a pressure of 78 cm. ? 

The required volume is 2300 ^^.^^^ • — 

2 f 3 78 

—2363 c.c* 


Examples III 

1. Gas is contained in a vessel of 2000 litres capacity at 0* C. 
and under a pressure of 74 cm. What does the pressure become when 
the temperature rises to 24* C. ? 

2 . Compare the densities of the air at the top and bottom of a mine 
shaft. The temperature and pressure are 10* C. and SO inches at the 
top and 14* C. and 30*5 inches at the foot. 

3. At what temperature will a litre of air weigh a gram when under 
a pressure of 74 cm. ? A litre of air weighs 1-293 gm. at 0® C. and 76 cm. 

flask with a capacity of 1 litre is immersed in water 
at 80 C. with only the mouth above the surface of the water, until the 
air inside it takes the temperature of the water. Its mouth is then 
closed with the thumb, it is suddenly inverted, and completely immersed 
in water at 14® C.,and the thumb is removed. What weight of water 
enters the flask ? ** 

5. A balloon at its utmost capacity can hold 1000 cubic ft. of gas 
900 cubic ft. are let into it at a pressure of 29 indies and a temperature 
of 40* F. The valve then chokes, and the balloon rises into a region 
where the pressure is 27 inches and the sun’s rays heat it to 70® K 
Will it burst ? 

6 . Ten cubic feet of dry air measured at 32* F., when the barometric 
height IS 28 inches, are pumped into a globe whose diameter is 8 inches 
The globe is then heated to 200* F. Find the pressure. 
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CALORIMETRY 

Fundamental Experiment. —When a pot of water is heated on 
the fire, we regard the increase in temperature of the water as 
due to something called heat passing to the water from the fire. 
It is now necessary to get more definite ideas on the subject. 
It is a well-known fact, that when the pot is full, it takes longer 
to boil than when it is only one quarter full. Thus, when the 
heat is distributed over a larger quantity of water, the tempera¬ 
ture rises more slowly. But a pot of water on a fire is not suitable 
for accurate experimental work. 

Better results can be obtained with an immersion electric 
heater. This gives out heat at a constant rate, and nearly all 
this heat goes to warm the water. It is found, that if the heater 
is immersed in a vessel containing water and the latter kept well 
stirred, the temperature read by a thermometer dipping into the 
water rises at a constant rate. If the mass of water is doubled, 
the temperature rises at half the former rate. If the mass is 
halved, the temperature rises at twice its original rate. If the 
water is replaced by an equal mass of alcohol or of some other 
liquid, the rate at which the temperature rises is changed. If 
an additional heater similar to the first one is placed in the water 
the rate at which the temperature rises is doubled. Thus we see 
that the rise of temperature in a given time is directly proportional 
to the heat supplied in the time and inversely proportional to 
the mass of the liquid ; it depends also on the nature of the liquid 
Putting the results in the form of an equation, we have 



where and are respectively the initial and final temperatures, 
Q IS the quantity of heat, m the mass of the substance, and ^ a 
constant of proportionality. The equation can be rewritten 

Thus the quantity of heat supplied to a substance is proportional to 
its mass and to the rise in temperature produced. 
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Definitions.— We shall now define unit quantity of heat. 

Unit quantity of heat is th£ amount of heat necessanj to raise 
one gram of water 1 ® C. 

Water is chosen as the standard substance simply as a matter 
of convenience. The unit as thus defined is called the calorie 
and sometimes the gram-degree. The quantity of heat neces¬ 
sary to raise the temperature of one gram of water 1 ® C. is not 
rigorously the same at all temperatures, but deereases from 
0 C. to a minimum at 87-5® C., and then increases to 100 ® C., 
the extreme variation over the range 0 ® to 100 ® C. being less than 
1 per cent. Hence in very accurate work it is necessary to specify 
for what particular 1 ® interval the calorie is defined ; the interval 
most generally chosen is from 15® to 16® C. 

Since there are different units of mass and more than one 
scale of temperature, the unit of heat might have been defined 
otherwise. The caloric is the unit invariably used in scientific 
work. If the unit of mass is a kilogram, the unit of heat is called 
a large calorie. The heat required to raise 1 lb. of water 1 ® F. 
is used as a unit in engineering, and is called the British thermal 
unit ; it is denoted by the letters B.Th.U. The heat required to 
raise 1 Ib. of water 1 ® C. is also used as a unit in Great Britain, 
being know'n as the Centigrade unit (lb. deg. Cent.). 

The gas companies have a special unit of their own for 
measuring heat, called the therm. It is the quantity of heat 
required to raise 1000 lbs. of water through 100® F., and thus 
equals 100,000 British thermal units. This is approximately 
29 times as great as the kilowatt-hour, the unit used by the 
electricity companies in charging for heat and energy. 

1 he specific hest of a substance is the quantity of heat required 
to raise the temperature of one gram of the substance 1® C. 

If in the equation 

Q—7ns{t2-~ti) 

we write m = l gm. and C., Q becomes = 5 . Conse- 

q uently m this equation s denotes the specific heat of the substance. 

thermal capacity of a body is the quantity of heat 
required to raise its temperature 1® C. 

*1 hus the specific heat is the thermal capacity of unit mass. 
Tne specific heat of copper, for example, is 0*093 ; the thermal 
capacity of a lump of copper weighing 12*2 gm, is 12-2x0 093 
= 1*135 calories, and the quantity of heat necessary to raise its 
temperature from 10-2® C. to 15*3® C. is 12*2 x0 093 x 5*1 =5*79 
calories. 

It follows from the definition, that the specific heat of water 
IS unity. The thermal capacity of a given quantity of water is 
consequently equal to its mass. The thermal capacity of a body 
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is often referred to as its water equivalent, because it gives the 
mass of water which would absorb the same quantity of heat 
as the body under the same circumstances. 

Law of Mixtures.- —The science of the measurement of 
quantities of heat is called calorimetry, and the piece of apparatus 
used for the purpose is called a calorimeter. The most common 
form of calorimeter consists simply of a cylindrical copper vessel 
which is provided with a copper stirrer, and is suspended on 
three threads inside another cylindrical vessel. The outer surface 
of the inner cylinder and the inner surface of the outer cylinder 
are both highly polished. If the inner vessel is filled with warm 
water, heat cannot escape from it except by conduction along 
the threads or by radiation and convection from the one polished 
surface to the other. Now the radiation loss from a polished 
surface is small, and since the outer cylinder shields the inner 
one from draughts, the convection loss is also small. Thus the 
whole loss of heat from the inner vessel is small. 

It is found as a result of experiment, when solids and liquids 
are mixed together in such a calorimeter, that there is no heat 
gained or lost by the calorimeter and its contents as a whole, 
provided that chemical action does not take place between the 
different substances. This result is known as the law of mixtures. 
It can be stated in the following very convenient form : 

The heat lost by the hot bodies is equal to the heat gained by the 
cold. ones. 

^^We shall now proceed to make some applications of this law. 

Determination of the Water Equivalent of a Calorimeter.— 

In applying the law of mixtures the calorimeter itself must be 
taken as one of the bodies involved, and it becomes important 
to determine its water equivalent or thermal capacity. This 
can be done experimentally in the following manner : 

The inner vessel of the calorimeter is first weighed empty, 
then rather more than half full of cold water, and so the mass 
m of the water is determined. It is then replaced in the outer 
vessel, and the temperature of the water t noted. Next some 
water at a higher temperature T is poured in, sufficient to raise 
the temperature of the water in the calorimeter about 3®; the 
mixture is stirred well, and B, the exact value of the highest 
temperature reached, noted. The inner vessel is then weighed 
again, and a determination made of M, the mass of the hot water 
poured into it. 

When the mixture is stirred, the hot water loses heat, and 
the cold water and the metal of the calorimeter gain heat. The 
heat lost by the hot water is 



MfT-0) 
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The heat gained by the cold water is 

m{6 — t) 

Let XV be the water equivalent of the calorimeter. Then the heat 
gained by the calorimeter is 

zv{e~t) 

Equating heat lost and heat gained, we obtain 

M(T — $) =m(0 —/) -i~zv(0 — t) 

whence 

a —~t 

The method does not give accurate results, since the two 
quantities on the right of the abov'e equation are nearly equal 
in size, and experimental error in determining the first of them 
has thus a large influence on the result. The latter may be 
found more accurately by multiplying the mass of the stirrer and 
of the inner vessel of the calorimeter by the specific heat of the 
metal of which they are composed. 


E3pvMPi.E.—A calorimeter contains 80-2 gm. of water at 14*9® C. 
To this 42-9 gm. at 30*2° C. are added, and, when the mixture is stirred, 
Its temperature is found to be 201* C. Find the water equivalent of 
the calorimeter. 

Let «;= water equivalent. 

Then Heat gained =(80-2+a))(201 —14-9) =417 0-f-5-2io 
Heat lost =42-9(30-2—201) =433 0 
Hence 6-2w=4330—4170=160 

and u>=3*l gm. 

Determination of Specific Heat.—In determining the specific 

heat of a solid the inner vessel of the calorimeter is first weighed 
empty, then rather more than half full of cold water, and m, 
the mass of the cold water, determined. It is next replaced in 
its outer vessel and t, the temperature of the water, is taken. 
Then the specimen, which has meantime been heated to a high 
temperature T, is dropped into the water, the water is stirred and 
6, the highest temperature reached, is noted. The inner vessel 
is next weighed and M, the mass of the specimen, determined. 
Let XV be, as before, the water equivalent of the calorimeter, and 
let .s be the specific heat of the specimen. 

The heat lost by the specimen is 

The heat gained by the water and calorimeter is 

ifn-^xv)(0—t) 
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On equating we obtain 

M5(T— 9)~(m-^zv){0 — t) 


whence 


(m-{-w)(9 ~t) 
U{T~-e) 


In performing the experiment it is very important that the 
temperature of the specimen should be accurately determined, 
and that it should be dropped rapidly into the water without 
having time to lose heat to the air. For this 
purpose special pieces of apparatus have been 
devised, and Fig. 163 represents a section of a 
simple and very efficient type. It consists of 
a fixed metal tube AB bent at an obtuse angle, 
and surrounded by a steam or water jacket. 

Telescoping into the vertical part of the tube 
is another movable one, which is closed at the 
top by a cork carrying a thermometer C. The 
cork is removed and the specimen dropped into 
this tube. When the temperature indicated by 
the thermometer has been steady for five 
minutes, the upper tube is raised, and the speci* 
men falls out of the heater in the direction of the arrow into the 
calorimeter. 

The specific heat of a liquid can be determined by half filling 
the calorimeter with it, instead of with water, and dropping in 
a hot solid of known specific heat. The reasoning given above 
then still holds, if m be taken to denote the thermal capacity of 
the liquid. 

A small tin without any outer vessel, such as a |-lb. cocoa 
tin, may be used instead of a calorimeter. But it has the dis¬ 
advantage of losing heat through its bottom to the table on which 
it rests, and so does not give such accurate results. 

In solving 'problems on calorimetry it is better not to memorise 
formulae hut to work out each case from first principleSy equaling 
heat gained to heat lost. 



Fig. 163. —Heater 
for calorimetry. 


Example. —An aluminium calorimeter of mass 26-2 gm. contains 
83*8 gm. of water at 14-6® C. A piece of aluminium is heated to 
1001® C. and dropped into the water. What is its mass, given that 
the final temperatiire of the water is 19-7® C. and the specific heat of 
aluminium is 0*21 ? 

Let M be the mass. 

Then Heat gained =(83-8 +26-2 X0*21)(19*7 —14-6) 

= 89*3 X5 1 =455-4 
Heat lost =0-21M(l001 —19-7) 

=0-21 xMx80-4 = 16 - 88 M 

16-88M = 455*4 and M=20-98 gra. 


Hence 


Law of Dulong and Petit.—The product of the atomic weight of 
an element and its specific heat is constant, and equal to about 6*4. 
This law was given by Dulong and Petit in 1818 ; it can be expressed 
in the equation 

u),S| 

where zo, and are the atomic weights, and s, and Sg the specific 
heats of any two elements. Since the number of atoms of the first 
element in Wi grams is equal to the number of atoms of the second ele¬ 
ment in W 2 grams, there is the same number of atoms on both sides 
of the equation, and the law amounts to stating that the thermal 
capacity of every atom is the same. It is not strictly true, boron, 
carbon, and silicon being exceptions at ordinary temperatures. But 
these elements obey the law at high temperatures, and it is now assumed 
that the specific heats of all the elements decrease to zero at the absolute 
zero of temperature. 

Latent Heat. —When a vessel containing a mixture of ice 
and water is warmed, it is found that the temperature remains 
at O® C. as long as any ice remains unmelted, provided that 
uniformity of temperature is maintained throughout the vessel 
by stirring. Since heat is being supplied, and the temperature 
does not rise, it follows that the heat must be used for another 
purpose, namely, for melting the ice. In the same way if a 
large piece of ice is taken with a cup-shaped depression on its 
upper surface, and a red-hot lump of copper placed in the cup, 
ice is melted, and both the lump of copper and the water pro¬ 
duced take the temperature of melting ice. Here the copper 
has lost its heat, and there is nowhere the heat could go except 
into the water. Consequently, to use an expression introduced 
by Joseph Black, who first discovered what happened, the heat 
is latent in the water. 

Other substances behave in the same way as water in this 
respect. To convert any of them from the solid to the liquid state 
without a change of temperature a definite quantity of heat is 
required. This is known as the latent heat of fusion. Conversely, 
when the substance passes from the liquid to the solid state, 
the same quantity of heat is given out again. To put the 
definition in a sentence : 

T/ie latent heat of fusion of a substance is the quantity of heai 
required to convert unit mass of the substance from the solid to the 
liquid state without change of temperature. 

When water starts to boil, its temperature remains constant 
no matter how much it is heated. The heat supplied, since it 
is not used for raising the temperature, must be used for changing 
the state. It consequently becomes latent in the steam, and is 
called the latent heat of steam or the latent heat of vaporisation 
of water. It is given out again when the steam condenses. 
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Other liquids behave in the same way as water in this respect. 
We have consequently the definition : 

The latent heat of vaporisation of a substance is the quantity oj 
heat required to convert unit mass of the substance from the state 
of liquid to the state of vapour without change of temperature. 

The latent heat of steam varies with the temperature at 
which vaporisation takes place. If Q, the total heat of steam, 
is defined as the quantity of heat necessary to raise one gram 
of water from 0® C. to a temperature of C and evaporate it at 
that temperature, then, according to Regnault, measured in 
calories, 

Q =606-5+0-305i 

This equation, which is not very accurate at low temperatures, 
was proved for a range of from 63® to 194® C. If we put ^=100, 

Q =606-5 +30-5 =637 

Hence if we subtract 100, the quantity of heat necessary to raise 
one gram of water from 0® to 100® C., we find that the latent heat 
of steam at 100® C. is 537 calories. 

Determination of Latent Heat of Water. —The latent heat 
of water or latent heat of fusion of ice can be determined with 
an ordinary calorimeter as follows : 

Kill the calorimeter more than half full with m grams of 
warm water, and let w be its water equivalent. Let t be the 
temperature of the water. Dry two or three lumps of ice about 
the size of walnuts on blotting-paper, drop them into the calori¬ 
meter, stir, note the lowest temperature reached (0), and then 
weigh the inner vessel so as to find M, the mass of the ice dissolved. 
Then, if L denotes the latent heat of water, the amount of heat 
gained by the ice in melting is ML, and in being raised to tem¬ 
perature Q is M^. The amount of heat lost by the water in 
being cooled from i to 0 is m{t~B), and the amount of heat lost 
by the calorimeter in being cooled through the same range is 
w(t~-0). Equating heat gained to heat lost, we obtain 

M(L + 0)=(w+tc)(/ —0) * 

which gives 0) — 

M 

Thus L can be calculated. The correct value is 80 calories. 

Determination of Latent Heat of Steam. —Fig. 164 shows a 
simple arrangement sometimes adopted for determining the 
latent heat of steam at atmospheric pressure. As calorimeter a 
rectangular copper box is used. This is filled to the level indicated 
with water, and contains a copper condenser with entrance and 
exit tubes A and B showing above the surface of the water. In 
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the neck of the flask there is a cork into which a short piece of 
glass tube fits ; to this glass tube is attached a short piece of 
rubber tubing. The experiment is performed by waiting until 

the water in the flask is 
boiling vigorously, then in¬ 
serting the rubber tube in 
the entrance tube of the 
condenser for a minute or 
two. The steam which 
does not condense escapes 
by the exit tube, Aft^ir the 
rubber tube is disconnected, 
the water in the calorimeter 
is stirred, and the highest 
temperature reached is 
noted. 

Let L be the latent heat 
of steam, zv the water 
Fig. 164.— Apparatus for determining equivalent of the calori- 
latcnt heat of steam. meter and condenser, m the 

_ original mass of water, M 

the mass of steam condensed, t the initial temperature of the 
water, and 0 its final temperature. The heat gained by the 
calorimeter and water in being raised from to 0® is 

(m -hw)(0~t) 

The heat lost by the steam in condensinsr is 

ML 

and in being cooled from 100® to 0® C. is 

M{100—5) 

Equating heat gained to heat lost, 

/)=ML4-M(100 —tf) 

whence . + 0^100 

Convection Correction.—It has hitherto been assumed, that no 
heat escapes from or to the calorimeter, during the course of the 
experiment. This is not strictly true, and for accurate work the 
radiation loss or convection loss, as it ought to be called, for convection 
plays a larger part in it than radiation, must be corrected for. 

Fig. 165 shows how to do this in the case of a determination of the 
latent heat of steam. Tlie crosses represent temperature readings of 
the water in the calorimeter plotted as a function of the time. The 
temperature of the room was 15 0® C. At O min. the temperature of 
the water was 16-0® C. At 1 min. it was still 16 O® C.. and the steam 
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was connoted on. At 2 min. it was 25*0® C., and the steam was dis¬ 
connected. At 3 min. it was 29 0*’ C. At 3^ min. the temperature 
reached its highest value, namely, 29*5® ; thereafter the temperature 
began to fall. Now the rise of temperature took 2^ min., from the 
vertical A to the dotted vertical B. In 
the equal time from B to C the fall of 
temperature was 0-7® C. The fall of 
temperature per min. is roughly pro¬ 
portional to the temperature difference 
of the calorimeter and the room. The 
average difference of temperature in 
the interval AB is 9-9®, and the average 
difference of temperature in the interval 
BC is 14*2®. Hence we are justilied in 
supposing that there was a loss of 
j\%x0*7° during the interval AB, and 
in adding this as a correction to the 
highest temperature reached, in the 

expression for the heat gained by the * 2 s s e min*, 

water and calorimeter; 6 in this Fio. 165. 

expression should consequently be 

29-5 4-0-5 =30® C. But in the expression for the heat lost by the steam 
6 should be unaffected, for the temperature of the condensed steam 
falls to 29-5® C., not 30® C. 

The average difference of temperature in the above calculation was 
obtained graphically by measuring the area between the curve and the 
axis of abscissas. 

A less accurate way of applying the correction consists in measuring 
the rates of cooling before passing in the steam and after the maximum 
temperature has been attained, and assuming that the rate of cooling 
during the experiment is the mean of these two values. It is multiplied 
by the time the rise of temperature takes and then added as a correction 
to the latter. 

Other cases may be treated similarly. Convection and radiation 
corrections should be used with extreme caution, and the extent to 
which they affect a result should always be clearly indicated. 

In determining the latent heat of water it is sometimes advised 
that the initial temperature of the water should be as high above the 
temperature of the room as the final temperature is below it, the idea 
being that the convection loss to the room during the first part of the 
experiment should be equal to the gain from the room during the 
second part. But the temperature falls most rapidly at first, and the 
convection loss cannot be eliminated in this way. 

Bunsen’s Ice Calorimeter. —When water freezes, its volume 
increases, 1 c.c. of water forming 1*09 c.c. of ice. This change 
of volume has been utilised by Bunsen in the construction of a 
calorimeter which is more sensitive and accurate than the simple 
calorimeter already described. 

Bunsen’s ice calorimeter is represented in Fig. 16G. A thin- 
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Fig. 160 .— Bunsen’s ice 
calorimeter. 


walled test tube A is sealed into a wider glass vessel B which 
terminates in a tube CD bent thrice at right angles. The tube 

and lower part of the glass vessel are 
filled with mercury. The upper part of 
the glass vessel is filled with distilled 
water which has been boiled to free it 
from dissolved air. The upper portion 
of CD is a capillary of uniform bore, 
and the position of the end of the 
mercury thread can be read on a scale. 

Before using the instrument it is 
surrounded with a bath of melting ice. 
A freezing mixture is then placed in A 
until the water round about it is 
frozen. When a sufficient coating of ice 

, ^ been formed, the freezing mixture is 

removed, the end of the mercury thread at D is read, and the 
hot body placed in the test tube. The heat given out melts some 
of ice and diminishes its volume. The surface of the mercury 

of the thread at D moves towards the left. 
When it becomes steady, its position is noted, and from the 
difference m the two readings the amount of heat given out by 
the hot body can be calculated. 

The scale is usually calibrated by pouring a quantity of hot 
water into A and measuring the displacement produced by the 
known quantity of heat it contains. The value of its divisions 
may also be obtained by calculation, if the bore of the capillary 
IS known. For let Q be the quantity of heat given out, let L be 
the latent heat of water, and let a be the cross-sectional area of 
the capillary. Then the mass of ice melted is Q/L the 
diminution in volume is O OOQ/L c.c., and the 
displacement is 

0-09Q 

air 

If a is 1 sq. mm. and the displacement is 
1 mm., Q works out at 0-89 calorie. The 
instrument can thus be used for measuring 
very small quantities of heat. It has, of course, 
the advantages that no thermometer is re¬ 
quired, there is no water equivalent to take 
into consideration, and there is no convection 
loss. 

Joly’s Steam Calorimeter.— Fig. 167 repre- 

sents one form of Joly’s steam calorimeter, arranged for determining 
the specific heat of gases at constant volume. The gas is contained 
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in a copper sphere A which is suspended by a wire D from the 
pan of a balance. The sphere and the gas it contains are allowed 
to take up the temperature of the room. Steam is then allowed 
to enter through the channel E and to pass out through the 
channel F. It condenses on the sphere until the temperature of 
the latter is raised to 100® C, ; the mass condensed multiplied 
by the latent heat of steam gives the amount of heat necessary 
to raise the copper sphere and gas contained to this temperature. 
The mass condensed collects on the pan B, and is weighed by the 
balance. C is a shield which prevents condensed steam dropping 
on the sphere from above, and in order to prevent the condensation 
of steam on the wire D, the latter is heated electrically by the 
spiral S through which it passes without touching. 

British Thermal Unit.—Specific heat was defined on p. 170, as the 
thermal capacity of unit mass. It might have been defined as the ratio 
of the thermal capacity of unit mass to the thermal capacity of unit 
mass of water, as is done in some books, and the numerical value would 
be the same, since the thermal capacity of water is 1 calorie. When 
defined in this way it is simply a ratio, and independent of the units 
employed. Now the thermal capacity of unit mass of water is aSso 1 
when measured in British thermal units. It follows that specific heat, 
when defined as is done in this book, has the same value in B.Th.U. as 
in calorics. 

It is otherwise, however, with the latent heats. The heat required 
to melt 1 lb. of ice raises 1 lb. water through 80® C. which is equivalent to 
I x80, t.e. 144 F.; hence the latent heat of water is 144 B.Th.U. The 
latent heat of steam is similarly | x537 = 067 B.Th.U. But the latent 
heats have the same values in lb. deg. Cent, units as in calories. 

Calorific Value of a Fuel.—The calorific value of a fuel is the amount 
of heat given out when a definite weight, for example 1 lb., is burned. 
It is measured by the bomb calorimeter. In making the measurement 
a small quantity of the fuel is powdered and dried, and placed inside 
a strong steel shell or bomb. This bomb has a gas-tight cover and is 
filled with oxygen at high pressure. It is then immersed in the calori¬ 
meter, and when it has taken up the same temperature as the water, 
the fuel is fired ; this is done by passing an electric current through a 
wire in contact with the fuel, so as to make it red hot. The fuel burns 
up completely in the excess of oxygen. The water in the calorimeter is 
stirred, and the highest temperature reached is noted. In calculating 
the result the water equivalent of the bomb must be reckoned in with 
the water equivalent of the calorimeter. 

The heat produced by the complete combustion of one gram of 
good coal is about 8000 calories. 


Examples IV 

1. A calorimeter contains water at 40® C., the equivalent mass of 
water being 100 gm. In order to cool the water (a) 30 gm. of water 
are withdrawn and replaced by 80 gm. of water at 10° C. ; or (6) 15 gm. 



of water are withdrawn and replaced by 15 gm. of water at 10*" C., 
and, after stirring, this process is repeated. Assuming there is no 
cooling due to other causes, determine the final temperature in the two 
cases. 

2 . In determining the latent heat of water the mass of the calori¬ 
meter (inner vessel) was 39-31 gm., the mass of calorimeter and warm 
water 99-90 gm,, the initial and final temperatures 36 0® C., and 
16-2® C., and the mass of calorimeter, water, and ice melted 113-4 gm. 
Work out the result on the assumption that the water eouivalent is 
iV the mass of the inner vessel of the calorimeter. 

8 . In a second attempt with the same calorimeter the mass of the 
calorimeter and warm water was 102-02 gm., the initial and final 
temperatures were 34-C® and 18-0° C., the mass of calorimeter, water, 
and ice melted 113-00 gm. Work out the result. 

4. In determining the specific heat of lead the mass of calorimeter 
and stirrer is 46-50 gm., the mass of calorimeter, stirrer, and cold 
water 103-15 gm., the lead is heated to a temperature of 93 - 3 ° C., the 
initial and final temperatures of the water are 15-7° and 28*1® C., and 
the mass of the lead is 359-0 gm. Work out the result. Assume that 
the water equivalent of the calorimeter is the mass of the inner 
vessel and stirrer. 

5. The following data were obtained in a determination of the 
latent heat of steam : Mass of calorimeter and condenser 804-95 gm., 
mass of cold water 305-25 gm., initial temperature 21-0® C., final 
temperature 32-0® C., mass of steam condensed 6-3 gm. The water 
equivalent of the calorimeter and condenser can be taken as x\ of their 
mass. Work out the result. 

6 . The following data were obtained in a determination of the 
specific heat of a metal : Mass of calorimeter 49-22 gm., of calorimeter 
and water 117-92 gm., temperature of heater 97-5® C., initial tempera¬ 
ture of water 15-5® C., final temperature of water 19-4° C., mass of 
calorimeter, water, and metal 172-9 gm. Work out the result on the 
usual assumption as to the water equivalent of the calorimeter. 

7. A calorimeter contains 129-4 gm. of water at 10-2° C. To this 
38-7 gm. are added at 37-3® C., and, after stirring, the temperature of 
the mixture is found to be 21-0® C. What is the water equivalent of 
tl»e calorimeter ? 

8 . What is the temperature of a piece of iron weighing 6-2 lb., 
which, when immersed in 11-0 lb. of water, raises its temperature 
from 14-0® to 20-4® C. ? The specific heat of iron is 0-119. 

9. A piece of silver weighing 12-6 gm. was heated to 101-4® C. and 
dropped into C8-2 gm. of turpentine at 11-2® C. The final temperature 
was 13-0° C. The water equivalent of the calorimeter was 3-1 gm 
The specific heat of silver is 0-056. Find the specific heat of turpentine. 

10. A glass bottle of weight 3 oz. contains 1 lb. of water, the glass 
and water being at 20® C. ; 4 lb. of mercury at 45® C. are added. 
What is the common temperature when the mercury and water have 
been shaken together ? The specific heats of mercury and glass are 
0-083 and 0-2 respectively. 

11. The following figures were obtained with a latent heat of steam 
apparatus : Water equivalent of calorimeter and condenser 30-2 gm. 
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wrelght of cold water 288-1 gm., initial temperature 16-3* C. Steam 
was then passed into the condenser, the increase in weight being 
7-2 gm., but 0-5 gm. of this condensed in the neck of the flask, and was 
blown into the condenser as water. What ought the final temperature 
of the water in the calorimeter to be ? 

12. Equal volumes of alcohol at 5° C. and turpentine at 60* C. 
are shaken together ; find the temperature of the mixture. The 
specific gravities of alcohol and turpentine are 0-80 and 0-87, and their 
specific heats are 0-60 and 0-42. 

13. The specific heat of ice is 0-5. What quantity of heat will be 
required to change 10-2 gm. of ice at -7-6* C. to water at 14-0* C. ? 

14. What is the result of mixing 1 lb. of ice at —10-0* C. with 2 lb. 
of water at 25-0® C. ? 

15. At Quito (2808 metres above sea-level) water boils at 901* C., 
and at Madrid (610 metres above sea-level) water boils at 97-8° C. 
What is the value of the latent heat of steam at these two places ? 

16. How many calories are there in the British thermal unit ? 

17. A mass of 0-80 gm. of a substance was heated to 100" C. and 
dropped into a Bunsen's ice calorimeter. The thread of mercury was 
displaced through a distance of 6-9 mm. in the capillary tube of 1 sq. 
mm. section. If 1 gm. of water expands by 0-091 c.e. on freezing 
and evolves 80 calories, calculate the specific heat of the substance. 

18. In a test with a bomb calorimeter 0-740 gm. of petroleum wat 
burned. The calorimeter contained 2010 gm. water. The rise in 
temperature was 3-0* C. Find the calorific value of the petroleum in 
calories per gram, given that the water equivalent of the calorimeter 
and bomb was 710 gm. 

19. The price of gas is lOd. per therm and of electricity Id. per 
kilowatt-hour. What is the relative cost of obtaining tlie same quantity 
of heat from gas and electricity ? 



CHAPTER V 

CHANGB OF STATE 


Cooling Curve. —If ice and salt are mixed together in the pro¬ 
portion of 83 parts by weight of salt to 100 parts by weight of 
ice, a temperature as low as —20'’ C. can be obtained. Let us 
suppose that some water at room temperature is placed in a test 
tube with a thermometer and stirrer dipping into it, and that the 
whole IS immersed in such a freezing mixture. Then the tempera¬ 
ture of the water will faU. Let us suppose that it is read ^erv 
minute as long as it continues to faU, and that a graph or cooling 
curve IS drawn showing how the temperature varies with the time 
It is found that the temperature falls, until 0^* C. is reached’ 
Ihen ice begins to form, and the temperature remains stationary 
until aU the water is frozen. During this time the test tube is 
losing heat to the freezing mixture, but the water is giving out 
latent heat on freezing, and this fills the place of the heat lost. 

Only when aU the water is frozen does the temperature begin to 
fall once more^ 


Similar curves are obtained for other substances, and are used 
^ a means of determining melting points. Fig. 168, for example, 
is such a curve for phenol. It is seen from the curve, that after 
the start of the experiment the temperature drops for six minutes 
until 42® C. is reached. It then remains stationary for about 
twenty minutes before commencing to fall once more. Thus 
42® C. is the melting point of phenol. 

A curve such as Fig. 168 which possesses one well-defined 
step ’’is characteristic only of a pure substance. In the case 
of parafiin wax> which is a mixture, solidification takes place over 
a range of temperature, and there is no definite melting point; 
tiie slope of the curve changes on entering this range but does not 
become horizontah Glass and scaling wax are like parafiin wax 
in this respect; there is an intermediate state between solid and 
liquid in whicli they are plastic. Some cooling curves again have 
several horizontal steps corresponding to the melting points of 
different constituents. 

If water is freed from dissolved air, and cooled slowly and 
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carefully, it is possible to take it to a temperature well below 
0® C. without freezing setting in. It is then said to be super¬ 
cooled. But if it is shaken, or if a small piece of ice is dropped 
in, it at once freezes, and the temperature rises to 0® C. All 
liquids with definite melting points exhibit the phenomenon of 
supercooling. It takes place only in the one direction ; it is not 
possible to heat a solid above its melting point without its melting. 

The freezing point of a solution is always lower than that of 
the pure solvent. The exact temperature depends on the strength 



M inutes. 

Fio* 168.—Cooling curve for phenol* 


of the solution, the depression being proportional to the con¬ 
centration for dilute solutions. 

Determination of Melting Point. —When only a small quantity 
of the substance is available, the melting point can be deter¬ 
mined as follows : 

A thin-walled capillary glass tube is sealed at one end. Some 
of the substance is put in the tube, and the latter is fastened to 
a thermometer by rubber bands, with its sealed end close to the 
bulb. The arrangement is then supported in a beaker of water 
with the end of the capillary projecting above the surface of the 
water. The water is slowly heated and kept well stirred, and as 
soon as the substance melts, the temperature is noted ; when 
the substance melts, it becomes more transparent. The water 
is then allowed to cool, and the temperature at which the sub¬ 
stance freezes is noted. The two readings should not differ much 
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from one another, and their mean is taken as the meltine 
point. 

Change of Volume on SolidiAcation. —When water freezes its 
volume increases, 1 c.c. of water forming 1-09 c.c. of ice. Since 
ice Aoats on water, it is, of course, obvious that its density must 
be less than that of water. The change from the liquid to the 
solid state is always accompanied by a change of volume, but in 
niost cases the change is in the opposite direction, and the volume 
diminishes on solidification. Thus paraffin wax contracts on 
solidifying, and solid paraffin wax sinks when thrown into its own 
liquid. 

When water freezes, the expansion takes place with very 
great force. This may be demonstrated by filling a cast-iron bottle 
fitted with a screw stopper with water, screwing the stopper tight, 
and immersing the bottle in a freezing mixture. After a time 
it bursts with a loud report. The experiment should be carried 
out under a strong cover, as fragments of the bottle may be driven 
to a distance. 

It is the expansion of water on freezing which bursts the 
domestic water-pipes in winter, though the leak is of course not 
apparent until the thaw comes. It is also responsible for the 
breaking up of soil and the weathering of rocks. Water percolates 
into the soil, expanding when it freezes, and the soil is loosened 
when the thaw comes ; in the same way when the water in the 
cracks of rocks freezes, it expands, and splits off pieces. 

Sublimation.- —Solids can pass directly to the state of vapour 
without passing through the intermediate liquid state. They are 
then said to sublime. Iodine crystals form a good example of 
sublimation, passing into a dark vapour when gently warmed. 
Snow and ice sublime slowly ; in Arctic regions this is the only 
method by which they can pass into the state of vapour. 

Experiment to determine the Density of Ice.—Drop a small piece 
of ice into methylated spirits, and add water untU it just sinks. Then 
stir ; the ice gradually melts, increasing the density of the mixture. 
As soon as it floats, remove it as rapidly as possible. Its density is 
then equal to that of the mixture of methylated spirits and water* 
which may be determined by the ordinary methods. 

Change of Melting Point with Pressure. Regelation.—Since water 
expands on freeing, we would expect that increase of pressure, which 
renders expansion more difficult, would make a greater degree of cold 
necessary to produce freezing, and hence lower the freezing point. 
On the other hand, in the case of substances like paraffin wax which 
contract on freezing, we would expect increase of pressure to raise the 
melting point. This is actually what takes place. But the effect 
*s a small one, being in the case of water only 0 0075° C. for an increase 
of pressure of one atmosphere. VVe can consequently neglect the 
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variations in the barometer, when the lower fisted point of a thermo¬ 
meter is being determined. 

If two blocks of ice are pressed together, they become frozen into 
a single block. Owing to the pressure on the surfaces of contact, the 
freezing point is lowered below 0* C., and some ice melts there. But 
on releasing the pressure the freezing point goes up again and the 
water freezes, binding the blocks together. This process—melting 
produced by pressure followed by freezing when the pressure is removed 
—is known as regelation. It was first noticed by Faraday, and can 
be demonstrated by the following striking experiment due to Tyndall : 

A large block of ice is placed on two stools in a room where the 
temperature is 0® C., and weights are hung over it by 
a copper wire in the manner shown in Fig. 169. Owing 
to the pressure under the wire the ice melts, and the 
wire sinks into it ; the water flowing round the wire 
is released from the pressure and freezes again. This 
goes on, until in a couple of hours or so the wire 
works its way through the block and the weights fall 
to the floor. But the ice is left in one block, a few 
bubbles marking the plane in which the wire cut 
through. 

We have also an example of regelation when snow 
is pressed together to form a snowball. The pressure 
melts some of the snow ; when the pressure is released, 
the water freezes and binds the snow together. 

When the edge of a skate presses on ice, it lowers the 
freezing point and causes the ice to melt ; hence the blade sinks in, 
and is enabled to “ bite.” 

Boiling. —If a flask of water containing a thermometer is 
heated over a burner, the temperature rises steadily. After a 
time little bubbles begin to form on the bottom of the flask, 
ascend a short distance, then collapse. These bubbles require 
something to start from, for example, a roughness on the side of 
the vessel. Finally, large numbers of bubbles form throughout 
the body of the liquid, ascend to the surface, and are given off as 
steam. The temperature at the same time becomes stationary. 
The water is then said to boil. The steam as it passes through 
the upper part of the flask is an invisible colourless vapour. 
When it comes into contact with cold air, it condenses into a 
visible cloud of small particles of water. This cloud is often 
referred to incorrectly as steam. It is small water particles,* 
steam itself is invisible. 

The change of state from liquid to vapour is in many respects 
similar to the change from solid to liquid. 

(1) There is no rise in tempera! ure until the change is com¬ 
pleted ; then, if the vapour is enclosed in a boiler and heated, the 
temperature begins to rise again, just as the temperature of water 
rises after the ice is all melted. 
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(2) Latent heat is absorbed during the change. 

(3) The change is accompanied by un increase in volume, 
1 c.c. of water forming about 1700 c.c. of steam under standard 
pressure. 

(4) Just as liquids may be cooled below their freezing points 
without freezing, so also they may be heated above their boiling 
points without boiling. This is very apt to occur if the liquid 
contains no dissolved air. If a bubble is then formed, it grows 
with extreme rapidity, and the steam is given off with such 
violence that it may shake the vessel. This effect is known as 
“ bumping ” or delayed boiling. It can be prevented by placing 
pieces of broken brick or glass or fragments of wire in the vessel 
so as to provide nuclei for the bubbles to form on ; this should 
always be done when the boiling point of a solution is to be 
determined. 

(5) The boiling point of a solution is higher than that of the 
pure solvent, the difference depending on the strength of the 
solution. It has been mentioned that tlie freezing point of a 
solution is lower than that of the solvent, so the effect here is in 
the opposite direction. A saturated solution of common salt 
boils at about 108® C. and freezes at about —22® C. 

Determination of Boiling Point.—When a solution is boiled, 

the temperature of the vapour is 
that of the boiling point of the 
pure solvent. Hence in deter¬ 
mining the boiling point of a pure 
liquid, the thermometer should be 
placed in the vapour as in the 
case of the hypsometer described 
on p. 140. This eliminates error 
due to delayed boiling and traces 
of dissolved substances. On the 
other hand, in determining the 
boiling point of a solution the 
thermometer should be in the 
liquid, and precautions should be 
taken, as described above, to pre¬ 
vent delayed boiling. 

Effect of Pressure on the Boil¬ 
ing Point, Franklin’s Experi¬ 
ment. —As has been mentioned 
on p, 141, increasing the pressure 
Fio. 170.—Franklin's experiment, which a liquid is exposed raises 

its boiling point, and diminishing 
the pressure lowers its boiling point. The effect is a much larger 
one than in the case of the melting point. Fig. 170 represcuU an 
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experiment due to Franklin which is often used for demonstrating 
it to a class. 

A round-bottomed flask is filled half full of water, and boiled 
until all the air in the upper part of the flask is expelled by the 
steam. It is then corked, inverted, and supported on a retort 
stand, and after a time ebullition ceases. If the flask is then 
cooled by cold water from a sponge, the water begins to boil 
again, because the cold water condenses some of the vapour and 
lowers the pressure ; hence boiling continues until the pressure 
is restored. The addition of more water causes renewed boiling, 
and the process can be repeated many times. Each time, of 
course, boiling takes place at a lower temperature. 

Papin's Digester.—This apparatus was exhibited in 1079 to the 
Royal Society by Papin, one of the discoverers of the steam engine 
It consists of an iron or copper boiler the lid of which can be screwed 
down air-tight. The boiler is fitted with a pressure gauge and also a 
safety valve which is operated by a lever and a sliding wciglit, and 
IS of interest as being the first boiler ever fitted with a safety valve. 
The maximum pressure inside is greater than atmospheric pressure by 
an amount due to the downward force acting on the valve. When the 
boiler is heated, the pressure inside increases to this maximum value. 
I'he valve then “ blows off,” and the water boils. Owing to the 
increased pressure the boiling point is, of course, above its usual 
value. The force on the valve and consequently the boiling point can 
be regulated by sliding the weight along the lever. 

The barometric pressure is less at great heights, and the tempera¬ 
ture of water boiling in open vessels at great heights is not suflicient 
to cook food properly ; consequently Papin’s digester is used in such 
circumstances for cooking with. It is also used for softening bones 
and extracting the gelatine they contain. 

Evaporation and Boiling. —If a kettle is left on the fire too 
long, it boils dry, all the water passing away as steam. If thf 
water in a pool on the road is exposed to the action of the wind 
it evaporates away, although its temperature may not be as much 
as 15® C. It is interesting to consider these phenomena from the 
molecular standpoint. 

The molecules in a liquid are all in a state of motion in different 
directions and with different velocities, some moving much faster 
than others. If a molecule reaches the surface it is acted on in a 
downward direction by molecular attraction, and consequently 
It usually flies back into the liquid again. If, however, its velocity 
IS very great, the molecular attraction is not sufficient to stop it 
and it passes out into the atmosphere above. The number of 
molecules with a velocity greater than the average is continually 
being reinforced as a result of the impacts and jostlings of the 
molecules with one another. Consequently, there is a steady 
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stream of molecules through the surface. This is the mechanism 
by which evaporation goes on. As a result of the abstraction 
of the molecules with high velocities, the average kinetic energy 
of the molecules diminishes. But it will be shown later that 
the heat of a body is simply the kinetic energy of the motion of 
its molecules. Consequently, as a result of evaporation, the 
liquid cools. 

If a kettle is half full of water, the space above the water 
contains a mixture of water vapour and air. The resultant 
pressure exerted by this mixture is the sum of the pressures exerted 
by the vapour and air separately. Let us suppose that the lid 
of the kettle is off. Then the sum of the pressures of the air 
and vapour is equal to the atmospheric pressure. 

Suppose, now, that the temperature of the water is gradually 
raised. The rate of evaporation from its surface increases owing 
to the velocities of the water molecules increasing, and the mixture 
of air and water vapour in the upper part of the kettle contains 
more vapour and less air. When the boiling point is reached, 
the vapour expels the air, and takes exclusive possession. Its 
pressure alone is then equal to the pressure of the external air. 
The boiling point is consequently the temperature at which the 
pressure of the aqueous vapour is equal to the pressure of the 
atmosphere. 

2''he essential difference between evaporation and boiling lies in 
the facty that molecules evaporate only at the free surface of a liquid^ 
but, when boiling takes place, they also pass into the vaporous condition 
as bubbles inside the body of the liquid. Consequently, at boiling the 
rate of formation of vapour molecules is very greatly increased. 

Cooling Effect of Evaporation. The Cryophorus. —Whenever 

liquid evaporates, latent heat is absorbed, 
and there is a fall in the temperature of the 
surface from which the evaporation takes 
place. The reason why hot tea produces a 
cooling effect in very hot weather is simply 
because it starts perspiration, and the 
evaporation of the latter carries heat away 
from the body. The danger of standing 
around in wet clothes is due to the cold 
produced by the evaporation of the mois¬ 
ture, which is more to be feared than a low 
temperature. And dentists use an ether 
Fio. 171. The cryo- spray to produce a low temperature and 

local anaesthesia. 

The cooling effect of evaporation can be demonstrated in a 
striking manner by an instrument called the cryophorus. This 
consists of a bent glass tube with a bulb at each end (Fig. 171), 




CHANGE OF STATE 


189 


containing water and water vapour, but no air. When the 
water falls down the tube, it hits the wall at the foot with a 
metallic click owing to the absence of an air cushion. The water 
is introduced into the bulb A, and the other bulb immersed in a 
freezing mixture. This causes the vapour in the tube to condense, 
and produces rapid evaporation of the water in A. After a short 
time the temperature of the water in A is so much reduced that 
it freezes. 


Examples V 

I Describe how you would determine the freezing point and 
boiling point of an aqueous solution. 

2. Give an account of the difference between evaporation and 
boiling. 



CHAPTER VI 


, VAPOUR PRESSURE. HYGROMETHY 

Vapour Pressure. —Let us suppose we have two barometric tubes 
(Fig. 172), and that by means of a curved tube a few drops of water 
are introduced into the right-hand one. They at once pass up 

the mercury column into the vacuum and vaporise 
there. Consequently, the level "of the surface is 
depressed to B, the height AB being a measure of 
the pressure exerted by the vapour. If the tem¬ 
perature of the room is 15® C., tliis depression, AB, 
increases to a maximum of 13 mm. It may be less 
than this if insufficient water has been introduced 
into the vacuum, but it refuses to increase beyond 
this. If more water is introduced after the maxi¬ 
mum value of the depression has been attained, 
it does not vaporise, but lies simply as a liquid on 
the top of the mercury. If the barometer tube 
AC is then raised slightly, more water vaporises, 
but the difference in level of the two columns 
always remains the same. If the tube AC is pushed down into 
the mercury, the vapour condenses on the surface at B, the 
difference in level of D and B again remaining constant. If the 
tube AC is pushed down until its end reaches B, all the vapour 
condenses. Similar results are obtained when other liquids are 
used instead of water. 

To sum up the results of these experiments : 

When vapour is in contact with its liquid in a closed space it has 
a definite pressure. It is then said to be saturated, and the value 
of its pressure is referred to as the saturation pressure. 

If now the barometer tube were surrounded with a water 
jacket, so that its temperature could be increased, it would 
be found, that as the temperature was gradually increased, 
the saturation pressure would increase also, and that as the 
temperature approached 100® C., tlie saturation pressure would 
approach the pressure of the atmosphere, when the mercury 
would stand at the same level inside and outside the tube. This 
holds for other liquids as well as water. 

1UU 
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Thus the boiling point is the temperature at which the saturation 
pressure is equal to the pressure of the atmosphere. 

If the saturation pressure is less than the pressure of the 
atmosphere, only evaporation can take place. 

The experiment of Fig. 172 is not very striking in the case of 
water, as its vapour pressure is so small at 15® C. If, however, 
ethyl ether is used instead of water, a depression of 35*6 cm. if 
obtained at 15° C. 

Determination of Boiling Point of Alcohol.—Fig. 173 represents 
an interesting method of determining the boiling point of alcohol 
and other liquids which boil at a lower temperature than water. A 
U-tube, closed at the end of the shorter limb, is filled with mercury, and 



Fig. 173. Fio. 174.—Rcgnault's method of determining 

vapour pressure at tiigli temperatures. 


a small quantity of the liquid passed round the bend to the top of the 
closed limb. The tube is immersed in water as shown ; then if the 
water is gradually heated, the mercury stands at the same level in 
both limbs, when the liquid boils. 

Measurement of Vapour Pressure. —A barometric tube sur¬ 
rounded by a water jacket is not a very satisfactory way of 
determining the saturation pressure for different temperatures, 
since it is difficult to read the level of the mercury through the 
water jacket, and, in any case, it does not go above pressures of 
one atmosphere. Fig. 174 shows an arrangement devised and 
used by Regnault, which is suitable for all pressures. 

A is an air-tight vessel in which the liquid is boiled. The 
temperature of the liquid and the vapour above it are given by 
thermometers T ; when great pressures are used, these dip into 
iron tubes containing mercu^. The vapour rises out of A into 
the condenser C, a long inclined tube surrounded by a jacket in 
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which a stream of cold water is flowing. It is all condensed 
before it reachc.s the end of the tube, and flows back into the 
boiler. The pressure under which the liquid boils is altered by 
a compressing or exhausting pump connected on at JE, and ia 
read by the manometer at D. B is a large globe containing air, 
which minimises fluctuations in the pressure. 

In making measurements with this apparai^s the pressure in 
B is first adjusted by the pump to a definite value. The liquid 
is next boiled, and the temperature of the vapour read as soon as 
it becomes constant; the vapour is then condensed as rapidly 
as it is produced. If heat is supplied more rapidly, the vapour 
is produced and condensed in greater quantities, but once the 
boiling point is attained there is no further rise of temperature. 
When the liquid boils, the pressure of the air in the globe is 
equal to the saturation pressure of the vapour for the temperature 
in question. 

The pressure is then altered to a new value, and after the 
temperature has become steady again, its value for the new 

pressure is determined. By this means Regnault 
was able to determine the saturation pressure of 
water up to 230® C., the value for this temperature 
being 27^ atmospheres. 

For low temperatures the arrangement shown 
in Fig. 175 can be used. An ordinary barometer 
tube is bent over, so that its end can be immersed 
in a freezing mixture. The liquid to be experi¬ 
mented on is contained in the end of the tube. 
The other tube measures the atmospheric pressure, 
and the difference in level gives the pressure due 
to the vapour. Ice and several other solid sub¬ 
stances have appreciable vapour pressures, and 
Regnault measured the vapour pressure of ice by 
an apparatus of this nature. 

Fig. 176 represents the vapour pressure of water 
for the range from 0® C. to 100® C. 

_Marcet’s Boiler.—The pressure of saturated aqueous 

♦hAri nf vapoup at high temperatures may be determined bj! 

mining vapour boiler (Fig. 177). This consists of two iron 

pressure at hemispheres about four inches in diameter bolted to* 
low tempera* gether, containing mercury, on the surface of which rests 
turcs. a layer of W’ater. The mercury column M acts as pres¬ 

sure gauge, S is a stopcock, and a tliermometer is fitted 
into the side at T to read the temperature. 

In performing an experiment a suitable amount of water is introduced 
by S. The boiler is then heated with S open, until all the air is expelled. 
The stopcock is then closed, and the heating continued. The tempera- 
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ture end pressure rise together, the pressure corresponding to each 
temperature being the saturation pressure for that temperature. In 
reading the pressure corresponding to a particular temperature, care 
must always be taken to see 
that the latter is steady. 

~— Distillation 
consists ^ boiling a liquid 
and condensing the vapour 
produced. It is used for 
separating a liquid &om the 
solid matter dissolved in it, 
for example, in obtaining 
fresh from sea j^^er, and also 
for separating more vola¬ 
tile constituent^of a mixture 
from the less volatile. The 
apparatus used for the pur¬ 
pose is called a still ; if the 
condenser in Fig. 174 were 
sloped the other way, so that 
the condensed liquid ran 
down to the left into a vessel 
placed to collect it there, and 
not back into the boiler, then 
the arrangement would form 
a still. 

Fresh water is obtained 
When sea water is evaporated, the salt remains behind and the vapour 
given off condenses as pure water. If it is to be used for drinking, it 
is made to absorb' air, and some mineral salts added to improve the 
taste. It is advisable not to carry the process of distillation too far 
in this case, but to throw away the liquid remaining behind when 

diminished to about a quarter of its original volume, be¬ 
cause otherwise there is a risk of some of the solid matter 
being carried over with the vapour. 

Alcohol boils at 78° C., hence in distilling spirits if the 
fermented liquor is heated up to 78° C., the alcohol 
passes off as vapour with some of the water. They are 
condensed together in the worm, as the condenser is 
called, owing to its spiral form. A second and third dis- 
til^tion may be necessary to raise the spirit to its proper 
strength. 

Distinction between a Vapour and a Gas.—Let 

us suppose that in Fig. 172 the tube on the right is 
a very long one dipping deep into the mercury. Then 
if it is raised higher than is necessary for all the en¬ 
closed liquid to be evaporated, the vapour is said to 
become unsaturated. If the tube is raised further, so that the 
pressure falls considerably below the value required to produce 



Fio. 177.— 
M a r c e t’s 
boiler. 


cm. 



on board ship by distilling sea water. 
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saturation, the vapour obeys Boyle’s law and Charles’s law. 
V\e are accustomed to think of water vapour, alcohol vapour, 
and ammonia vapour as vapours, because we are familiar with 
these substances in the liquid form, and we are accustomed to 
think ot oxygen, hydrogen, air, etc., as something different. 
i.e. gases. But under suitable conditions a gas can become a 
vapour and a vapour can become a gets. 

Up to a temperature of 365® C. water vapour, for example, 
can be condensed into liquid by the application of pressure, the 
pressure necessary at this temperature being 194-6 Atmospheres. 
Above 365 C. it cannot be liquefied by the application of pressure. 
It IS the same with the other vapours ; there is a temperature 
for each below which it can be liquefied by the application of 
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Fig. 178.—Isothermals for carbon dioxide. 


pressure, and above which it cannot be liquefied by the appli¬ 
cation of pressure. This temperature is known as its critical 
temperature. The pressure necessary to liquefy a gas at its 
critical temperature is known as its critical pressure. 

A gas is simply a vapour above its critical temperature. 

The critical temperatures of the gases formerly known as 
permanent gases are very low, the values for hydrogen oxygen, 
and nitrogen being —234-5® C., —118® C., and —146® C. 

respectively. 


Isothermals for Carbon Dioxide.— Fig. 178 shows the results of a 
celebrated senes of experiments performed on carbon dioxide by 
Andrews in 18G3. They represent the connection between the pressure 
and volume of carbon dioxide at different temperatures. The first 
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curve is for 48*1* C. ; it is a hyperbola, so for this temperature Boyle’s 
'aw holds and the substance is a gas. The next three curves all have 
indentations in them, but contain no parts parallel to the axis of 
abscissae. The curve for 21’5® shows that if we start at tills temperature 
with a large volume and small pressure, and gradually increase the 
pressure, the volume diminishes continuously until we reach 60 atmo¬ 
spheres, then it suddenly falls without further increase of pressure ^om 
about 5*2 c.c. per gram to about 0*4 c.c. per gram. This pressure has 
liquefied it. The curve for 13*1® shows by its vertical portion the effect 
of further increase of pressure on the substance, after it has become 
liquid. 

If curves are taken for other temperatures, the parts lying within 
the dotted curve are parallel to the axis of abscissx. Hence the 
temperature corresponding to the curve which just touches the dotted 
curve, is the critical temperature of carbon dioxide. It is obvious 
from the diagram that it is near 31*1® C. ; careful experiment showed 
that it was 30*92® C. 

Dalton’s Law.—I f some water is left inside an air-tight vessel, 
a portion evaporates, and fills the space above the surface. The 
quantity of vapour formed depends only on the temperature of 
the enclosed space, and practically not at all upon the pressure 
of the air inside the enclosed space. This may be shown by an 
experiment with a barometer tube. Some air is introduced into 
the space above the mercury, and the depression noted so as to 
calculate its pressure. Some liquid is next introduced, so as 
to saturate the enclosed space and leave a little liquid on the surface 
of the mercury, and the further depression noted. As a result 
of the further depression, the pressure of the air falls according 
to Boyle’s law. If allowance is made for this, it is found that 
the same pressure is produced by the saturated vapour whether 
the air is there or not. 

But the presence or absence of air has a great influence on 
the speed at which the vapour is formed ; the whole evaporation 
takes place at once in a vacuum, but may require several hours 
if the space is already full of air. 

The result that just as much liquid evaporates into a space 
which is full of air as into a vacuum, is a particular case of a law 
given by Dalton, which is stated as follows : 

2'he total -pressure exerted in an enclosed space by a -tnixttire 
of gases and vapours which do not react on one another chemically, 
is equal to the sum of the pressures which each would produce if it 
occupied the space alone. 

The law is not true for high pressures. 

Relative Humidity.—Evaporation is constantly taking place 
from the surface of ponds and rivers, and water returns to the 
earth in the form of rain. Consequently there is always a certain ‘ 
amount of water vapour present in the atmosphere. This vapour 
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is, of course, invisible. If, however, the air cools, a temperature 
ts reached for which the saturation pressure of aqueous vapour is 
equal to the actual pressure of the vapour present in the atmo¬ 
sphere. If the temperature falls below this, some of the vapour 
condenses in small drops forming a cloud or mist, according as 
the condensation takes place in the upper atmosphere or near 
the surface of the earth. 

Tlie ratio of the quantity of aqueous vapour present in a given 
volume of air to the quantity of aqueous vapour it would contain if 
saturated, the temperature remaining constant, measured in per 
cent., is called the relative humidity or hygrometric state or fraction 
of saturation of the air. 

The science of the measurement of the hygrometric state of 
the atmosphere is termed hygrometry and the instruments used 
for the purpose are called hygrometers. 

Aqueous vapour obeys Boyle’s law quite well at moderate 
temperatures close up to the saturation pressure. Its density 
is consequently proportional to its pressure. Thus the 

Relative humidity __actual density _ actual pressure 

saturation density saturation pressure 

It is the relative humidity on which our feeling of the dryness 
of the air depends, not the actual density of aqueous vapour 
present. If the relative humidity is low, evaporation takes 
place readily into the air. On a hot day in summer the air may 
feel drier than on a cold day in winter, because the relative 
humidity is less, although on the hot day there is much more 
aqueous vapour present in the atmosphere. 

Relative humidity determinations are made in hot-houses 
to see that the plants receive their proper supply of moisture. 
They are also made regularly at meteorological stations, and 
they afford information as to the likelihood of rain or frost. 

Forma^tion of Dew.—If a cold surface is presented to the 
atmosphere, the air in contact with it may be cooled so far, that 
the vapour present in the air is sufficient to saturate it, and 
moisture is deposited on the surface. This moisture is known 
as dew. The air in this case is cooled only in the neighbourhood of 
the surface, and its pressure remains unaltered during the process. 

The temperature to which the air must be cooled for the aqueous 
vapour present in a given volume to saturate it is known as the dew¬ 
point. 

The actual vapour pressure in the air is therefore equal to the 
saturation vapour pressure at the dewpoint. 

On a clear night after a warm day heat is lost by radiation X 
from the earth, and its sui’face becomes very cold. The air in 
contact with it cools down, especially if, owing to the absence 
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of wind, it is able to remain long in contact. Under such circum¬ 
stances dew is deposited on blades of grass and other objects. 
The moisture on the grass is, however, not all deposited ; some 
of it is moisture given out by the grass which is prevented from 
evaporating owing to the air being saturated. If the sky is cloudy, 
the radiated heat is prevented from escaping by the clouds, 
and conditions are not so favourable to the formation of dew. 

The moisture which forms on the outside of a jug containing 
ice cream or on a cold window-pane in a warm room, is deposited 
in exactly the same manner as dew. 

Example. —Calculate the weight of 15 litres of air saturated with 
aqueous vapour at 18* C. and 750 mm. 

The saturation pressure at 18* C. is 15-46 mm. The pressure of 
the air alone is consequently 734-54 mm. 

Weight of air = 15 x 1 -293 x ^ X 

= 17-59 gm. 

To find the weight of the aqueous vapour present in the 15 litres we 
use the result that the weight of a volume of aqueous vapour is equal 
to five-eighths the weight of the same volume of air under the same 
conditions of temperature and pressure. Hence 

Weight of aqueous vapour = | x 15 x 1*293 X 

=0-23 gm. 

Required resuIt = 17-59+0-23 = 17-82 gm. 


Regnault’s Hygrometer. 
—A form of hygrometer 
which is widely used, is that 
devised by Regnault (Fig. 
179). This apparatus con¬ 
sists of two glass tubes E and 
F, terminating in tliin silver 
thimbles which are highly 
polished on the outside. The 
left-hand tube is closed at 
the top by a cork through 
which pass a thermometer T 
and a tube AE, reaching 
nearly to the bottom of the 
thimble. There is a hori¬ 
zontal tube fused into the 
side of the tube E by which 
it is put into communication 



. with the aspirator D. The right- 

hand tube IS not connected with the aspirator, and its thermo¬ 
meter merely registers the temperature of the room. 
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is placed in E, and the stop-cock of the aspirator opened, 
f he water contained in it runs out and air enters through A 
bubbling through the ether, and causing it to evaporate. This 
evaporation produces a diminution of temperature, the air outside 
IS no longer able to contain its aqueous vapour, and some is 
depc^ited as moisture on the polished surface, causing a dimness 
on the latter. As soon as the dimness is noted, the aspirator is 
stopped, and the temperature read. The temperature of the 
surface then begins to rise, and the dimness disappears^ As soon 
as It is all gone, the temperature is read again. The mean of the 
temperatures of appearance and disappearance gives the dewpoint. 

IDetection of the dimness is facilitated by having the undimmed 
surface on the other tube for purposes of comparison. The sur¬ 
faces and tliermometers may be observed by a telescope from a 
distance, and the aspirator may be connected up by a long piece 

of tubing ; there is no necessity for the observer to approach the 
apparatus. 

In a simpler form of the apparatus there is only the left-hand 
tube and no aspirator. Xlie air in this case is caused to bubble 
through the ether by blowing it in through A with bellows. 

The following table of vapour pressures is suitable for calcu¬ 
lating the relative humidity, when the dewpoint has been 
determined : 


Temp. 

C. 

2 

3 

4 

5 

6 

7 

8 
9 


Press. 

Temp. 

Press. 

Temp. 

Press. 

4-02 mm. 

10® C. 

9-20 mm. 

18* C. 

15-46 mm. 

5-29 

11 

0‘S4 

19 

16-46 

5-C8 

12 

10-51 

20 

17-51 

6-10 

18 

11-22 

21 

18-02 

0-54 

14 

11-98 

22 

19-79 

701 

15 

12-78 

23 

21-02 

7-51 

16 

13-62 

24 

22-82 

804 

8G1 

17 

1 

1 

14-52 

25 

23-69 


As an illustration of tlie use of the above table, let us suppose 
that the dewpoint is 7*2® C., and the temperature of the air 15*1® C. 
Then 

Pressure at 7-2®=7-51 +y* 5(8-04—7-51)=7-62 mm. 

Pressure at 15-l® = 12-78H-y’5(13-62 —12-78)=12-86 inm. 

and the relative humidity is or 59 per cent. 

Wet and Dry Bulb Hygrometer. —This instrument, sometimes 
called Mason’s hygrometer, is represented in Fig. 180. It con¬ 
sists of two thermometers mounted on the same stand. The 
left-hand or dry-bulb thermometer gives the temperature of the 
room. The right-hand thermometer has its bulb covered with a 
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piece of muslin, which is constantly kept moist by being con¬ 
nected with a reservoir of water. Unless the air is saturated 
with moisture, the right-hand thermometer indicates a lower 
temperature than the left-hand one ; this is due to the cooling 
effect of the evaporation from the muslin. The 
dewpoint is obtained by multiplying the difference 
of temperature of the wet and dry bulbs by a IPCjBP 
factor known as Glaisher’s factor, which is ob- 
tained empirically by comparison with another 
instrument, and subtracting the result from the 
temperature of the dry bulb. Glaisher’s factor '*^0^ 

varies with the temperature of the dry bulb, 
and is given for one type of instrument by the 
following table : f oc>]|^|| 


uo Hi 
:oo idi 


Dry Bulb 
Temp. 

1" C. 
2 

3 

4 

5 

6 

7 

8 
9 


Factor. 

2*81 

2-54 

2-39 

2*31 

2-26 

2-21 

217 

213 

210 


Dry Bulb 
Temp. 

10° C. 
11 
12 

13 

14 

15 
IG 
17 


Factor. 

200 

202 

1-99 

1-95 

1-92 

1-89 

1-87 

1-85 


Dry Bulb 
Temp. 

18° C. 

19 

20 
21 
22 

23 

24 

25 


Factor. 

1-83 

1-81 

1*79 

1-77 

1-75 

1-74 

1-72 

1-70 


GO I S^O- 


As an illustration of the table let us suppose that 
the dry bulb reads 14*9° C. and the wet bulb 

_ 11-7° C. Then the factor ^*0* , — 

[ 5- is 1-89 and the dewpoint hygrol^^ter." 

&P ^ 14-9 — l-89(14-9 — 11-7) = 

M ^^9 14-9 — 6-0=8*9° C. When once the dew- 

point is obtained, the relative humidity 
can be calculated in the same way as for 
||r Regnault’s hygrometer. 

^ The wet and dry bulb hygrometer is 

•** not an absolute instrument, since it has to 

7 be calibrated by reference to another hygro- 

yr meter, and its accuracy is affected by 

draughts. But it is simple and easy to 
use, and is consequently the instrument 
generally employed at meteorological 


Fig. 181.—Dani«?ll's 


stations. 


hygrometer. _ 

Other Hygrometers.—Fig. I8l represents 

DanieU’s hygrometer, the oldest form of hygrometer. This instrument 

consists of two bulbs connected by a glass tube, &om which the. air 
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„.s?„. B&s-wi X.I, r.^nvst 

thin plate of black glass. 
The thermometer T has its 
bulb just below the glass 
plate. When the stopcock 
S is opened, cold water flows 
through B, lowering the 
temperature of the glass 
plate, and escapes by the 
outlet at D. When dew de¬ 
posits on the glass, the flow 





Fig, 182.—Dines’ hygrometer. 


drying tub«whfch rn*'°t™®*^ ® volume of air is drawn' through 

acfd. ® These Tro weigred"eCe’and'"after?h 

increase in weight gives the amount of water in the a"""''" ’ 

Which absorb moisture from the air are said to be hvffro- 

changes in len<rth accord¬ 
ing to the humidity of the atmosphere. In the hair hvTroscoDe thi, 

ov^rSaf -hicrope?afe“a 7o^nt« 

humidfty d?rectly to give relative 

f I^rost.—^As has been mentioned 

cooling a mass of vapour in the atmosphere 
below Its dewpoint. Condensation takes place at first in the form 
of minute drops but as the process continues, the parS 

coalesce and form larger drops. As the drops grow, theif weight 
incieases more rapidly than the area of their surface on whfch 

tims^Vhev to H "" supports them in the air depends ; 

thus they fall to the ground as ram. The cooling which produces 

the i^ndensation is usually due to the expansion of the^ir with 

which the vapour is mixed, and the condensation takes place on 

Ihro. ilf floating m the air. If the faUing rain passes 

through cold regions it may freeze into hail, but many points 
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cK)nnecte<l with the formation of rain and hail are still obscure. 
If the temperature at which the condensation takes place in the 
upper atmosphere is below the freezing point, the aqueous vapour 
condenses into snow. If the temperature of the earth’s surface 
sinks below the freezing point before saturation occurs, the 
aqueous vapour in the atmosphere is deposited on it as hoar 
frost; thus hoar frost is not frozen dew, but is formed directly 
from the state of vapour. 


Kxampueis VI 

1. Explain how the sun causes a morning mist to disappear, and 
why fogs are formed round icebergs. 

2. The temperature of the air is 16-3* C. and the dewpoint is 9*2® C. 
^nd the relative humidity and the quantity of aqueous vapour present 
in the atmosphere in grams per litre. 

8. The temperatures of the wet and dry bulb thermometers stand 
respectively at 13*5° C. and 15’4® C. Find the dewpoint and the 
quantity of aqueous vapour present in the atmosphere in grams per 
litre. 

4. A mass of air is at a temperature of 100® C. Its dewpoint is 
48® C. If the saturation pressure of aqueous vapour at 48® C, is 8-35 
cm., find the relative humidity of the air. 

5. A cubic metre of air at 20® C. is found to contain 10 gm. of 
aqueous vapour. ’SVhat is its relative humidity ? 

6. The quantity of water given out by the lungs and skin may be 
t^en as 30 ounces in 24 hours. How many cubic feet of half-saturated 
air at 15® C. and 78 cm. will this quantity of water saturate ? 

7. The temperature of the air at sunset is 10° C. and the temperature 
of the ground is 4® C. No dew falls. What is the greatest value 
which the relative humidity of the air can have ? 

8. It is sometimes stated, as a practical rule, that when the satura¬ 
tion pressure of aqueous vapour Is x mm. of mercury, the weight of 
water present in a cubic metre is x gm. What is the percentage error 
in this statement for a pressure of 8 mm. ? 

9. A mass of air extending over an area of 60,000 square metres 
to a height of 300 metres has the dewpoint at 15® C., its temperature 
being 20® C. How much rain will fall if the temperature sinks to 10® C. ? 
Express your answer in mm. The pressure of water vapour is 9-2, 
12*8, and 17*5 mm. at 10®, 15®, and 20® C. respectively. The density 
of ac]ueous vapour is § the density of dry air under the same conditions 
of temperature and pressure* 

10. A mass of oxygen standing over water measures 200 c.c., the 

temperature being 20® C. and the pressure 740 mm. IVhat is the 

volume of the oxygen dry and when measured at normal temperature 
and pressure ? 



CHAPTER Vn 

THE CONNECTION BETWEEN HEAT AND WORK 

The Caloric Theory.—According to the view prevalent in the 

^®at was an invisible imponderable fluid 
called ca/oric» which filled the spaces between the particles of 
matter. The pressure of this fluid was greatest where the tem¬ 
perature was highest ; hence it flowed from a body at a higher 
to a body at a lower temperature. Some bodies had a greater 
capacity for storing the fluid than others ; hence the diflerence 
in tlieir specific heats. If a gas was suddenly compressed or a 
body was hammered, caloric was squeezed out of it like water 
from a sponge, and thus the production of heat in this case was 
explained. The lieat caused by the friction of two bodies on 

explained by supposing that the particles rubbed 
I J same capacity for storing caloric as the original 

solids had ; thus when the particles were rubbed off, heat was 
liberated. 

Caloric could neither be created nor destroyed, hence accord¬ 
ing to the caloric theory the total quantity of heat in any system 
must remain constant. If it increases in one part, there must 
be a corresponding loss in another part. 

Rumford’s Experiments. —Count Rumford, an American who 
had to leave his country owing to the War of Independence, and 
who took service under the Bavarian Government, was impressed 
by the enormous amount of heat generated during the boring of 
cannon at Mimich. In one experiment made in 1798 he noticed 
tliat a cylinder of gun-metal was raised from 60® F. to 130® F. 
by the friction of a blunt steel borer, although only of the 

whole mass of the cylinder w^as rubbed off. In another experi¬ 
ment in order to see whether the exclusion of the atmosphere 
had any effect on the result he surrounded the metal with water, 
and found that after 2^ hours the water boiled. 

It seemed impossible that this great quantity of heat could 
come from a change in the thermal capacity of the metal chips. 
Besides, he showed experimentally that the specific heat of the 
chips was the same as that of the solid metal. Consequently as 
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a result of the experiments he came to the conclusion, that no 
material substance could be produced in this unlimited manner, 
and that heat must consist in motion. 

Davy’s Experiment. —Sir Humphry Davy rubbed together 
two pieces of ice by clockwork, under the receiver of an air pump, 
and found that the ice melted where the sxu’faces rubbed, but not 
elsewhere.* There is no doubt that heat was used up in melting 
the ice, also that the thermal capacity of the ice was greater 
after melting. Hence the heat could not have come out of the 
ice, and it is difficult to see where it could have come from unless 
from the motion. Still in spite of Rumford and Davy’s results 
the caloric theory maintained its position until about 1842, 
when, as a result of the experiments of Joule and others, the 
mechanical theory of heat gradually replaced it. 

Joule’s Experiments. —The apparatus for Joule’s most cele¬ 
brated experiment is shown in Fig. 183. Resting on a wooden 



Fig. 183.—Joule’s apparatus. 


grating is a copper calorimeter, which is provided with a brass 
paddle wheel. The paddle wheel is attached to the roller A, and 
so rotates about a vertical axis. The calorimeter is fitted with 
vanes, so that, when the paddle wheel rotates, the water does not 
rotate as a whole, but there is a maximum of friction and irregular 
motion. Cords are wound on the roller A, pass over the pulleys 
C and D, and carry the weights E and F. The pulleys are mounted 
on friction wheels. The experiment was performed by allowing 
the weights to fall on the floor. The distance they fell through 
was given by the scales G and H. 

As the weights fell, the cords unwound from the roller A, the 
paddle wheel turned, and the temperature of the water in the 
calorimeter rose. When the weights reached the ground, the 
paddle shaft was disconnected from the roller, and the weights 

• This is the usual account of Davy’s experiment. E. K. da C. Andrade 
has, however, pointed out. Nature, 185, p. 369, 1935, that it is inaccurate, and 
that the effect obtained was really due to conduction. 

n* 
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then connected again and the weights 
allowed to fall once more. And so on ; a number of descents 
was made. 

mass Of each M^eight, h the distance fallen through, 
and n the number of descents, the potential energy lost is ^ 

Unmgk 

If W denotes the mass of water together with the water equivalent 
lou^t'^otheTfpToduofd^r te:nperature. the 


Some of the e^cigy of the falling weights was destroyed by the 
i^mpact against the floor, but when this was allowed for, it was 
foiuid^hat, no matter how n and m were varied, ^nmgh was always 
proportional to W, ?.e. the potential energy destroyed was pro¬ 
portional to the heat produced. This result has been confirmed 
by other experiments. It was also shown by Joule, that when 
electrical energy disappears, heat is always produced in the 
circuit proportional to the electrical energy lost. It is therefore 
natural to conclude that 
Heat is a form, of energy. 

This view as to the nature of heat is referred to as'the 

heat, and is now acc€pted everywhere* 

The ratio of the work done to the heat prodveed, when work <4 
transformed into Jieat, is knoxvn as the Mechanical Equivalent of 
Heat or Joule s Equivalent. It is usually denoted by J. 

According to the best modern determinations J is 4-185x10'^ 
ergs per calorie. The value 4-2x107 is usually taken except 
when ^eat accuracy is required. The unit of work used m 
electricity, the joule, is 10 ? ergs. Hence 1 caIorie=4*2 joules 


In Joule s original experiment each weight was 28-5 lb., the distance 
fallen througli was 5-9 ft., the water equivalent of the calorimeter was 
0 99 lb., and the mass of the water 13-9 lb. Consequently the temnera- 
ture rose only about 0 030^ F. when the weights dropped once The 
weights were usually dropped about 20 times ; thus the total rise of 
temperature operated with was about O CO* F. There was a rela¬ 
tively large radiation coiTCCtion. The temperatures were measured 
by a very sensitive mercury tliermometer. The result obtained was 
772ft.-lb. per B.Th.U. 

ExAMPLJi. Cliange the value for J given above, 4*185 X10’ erj?s 
per calorie, to ft.-lb. per B.Th.U. ® 

1 ft.-lb. =30*48 X 453-6 X98J ergs 

1 B.Th.U. =453*6 X§ cal. 

Hence , 4*185x10^x453-6X5 

30-48 X 453-6 X 981 X 9 
=778 ft.-lb. per B.Th.U. 
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Example.—G iven tliat the melting point of lead is 827® C., that 
its latent heat of fusion is 5-4 cal., and tiiat its specific heat is 0*032, find 
with what velocity a lead bullet at 20® C. must strike an iron target, 
in order that all the heat produced should be just sufficient to melt it. 

The mass is immaterial, so assume that it is 1 gm. Then heat 
required 

=0 032x307+5*4 
=15*2 cal. =6-38 X 10* ergs 
This must equal the kinetic energy, Hence 

u=358 metres per second. 


Searle’s Apparatus for Determining J. —In a later determina¬ 
tion of J, Joule suspended the calorimeter by means of a fine 
wire, so that it was free to rotate about a vertical axis. When 
the paddle wheel was rotated, owing to the viscosity of the water 
the calorimeter tended to rotate in the same direction as the 
paddle wheel, but was prevented by a couple ; the work done 
was calculated from the magnitude of this couple and the angle 
through which the paddle wheel was turned. 

Searle has designed a simplified form of this apparatus which 
is in wide use in laboratory courses. In this apparatus the 
mechanical energy supplied is converted into heat by the friction 
between tw'o well-fitting brass cones, the inner of which is 
stationary while the outer rotates. A section of the cones is 
shown in Fig. 184 ; the inner cone coiitains water the temperature 



Fig. 184.—Section 
of the cones. 



of w’hich is read by a thermometer. The "whole apparatus is 
shown in Fig. 185. The spindle is rotated by the hand wheel and 
leather band, and the number of revolutions is read on the revolu¬ 
tion counter at S. The outer cone is fixed to the si^indle. The 
inner cone is furnished with two steel pins which fit in two holes 
in the wooden disc D. A string is fastened round the grooved 
edge of the disc and then passes over the pulley P, carrying a 
weight at its end. 
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The magnitude of the weight and the speed at which the 
handle is turned are adjusted, so that the weight hangs stationary 
clear of the floor, neither ascending nor descending. The inner 

cone is then in equilibrium under two 
forces. If Fig. 186 represents a plan of 
the cones, the stretching force in the 
string Mg applies a moment at Q of 
magnitude Mgr, where r is the radius of 
the disc. This is balanced by the fric¬ 
tional forces which act on the inner 
cone in the manner shown. The couple 
exerted by the frictional forces is con¬ 
sequently Mgr, and this is also the 
couple exerted on the spindle by the 
leather band. The work converted 

into heat is consequently 

Mgr27rn 

where n is the number of revolutions. The heat produced is 

Wt 



where W is the water equivalent of both cones together with the 
mass of the water and t is the rise in temperature. 


Hence 


T Mgr27rn 

Wt 


Nature of Heat. —Joule’s experiments showed that heat is a 
form of energy. We shall now go more fully into the connection 
between heat and energy. 

Let us suppose that a certain quantity of gas is contained in a 
closed vessel. Then the molecules of the gas travel in all direc¬ 
tions, and are reflected by the sides. It is the impact of the 
molecules on the side that causes the pressure on the side ; this 
pressure is equal to the number of molecules impinging on unit 
urea per second multiplied by the average change in momentum 
suffered by the molecules in the impact. If the velocity of the 
molecules is increased in a certain ratio, the molecules travel 
across the vessel in a shorter time, and the number of impacts 
per second is increased in the same ratio. The molecules also 
hit the side harder ; for the change in momentum which is propor¬ 
tional to the velocity, is also increased in the same ratio. Hence 
the pressure is increased in the square of the ratio, i.e. it is pro¬ 
portional to the mean square of the velocity. 

But if the temperature of the gas is increased, the presstire 
increases in proportion to the temperature, and thus to the heat 
contained by the gas. The beat contained by the gas is therefore 
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proportional to the mean square of the velocity of the molecules. 
But since the number of molecules in the vessel is constant, their 
kinetic energy is proportional to the mean square of their velocity. 
It is therefore natural to conclude that 

The heat contained in a substance is the kinetic energy of its 
molecules. 

This result is borne out by exact calculation, and applies to 
solids and liquids as well as to gases. In solids and liquids the 
molecules oscillate about their mean positions ; the amplitude 
of the oscillations increases when the temperature increases. 

It will be instructive to consider the changes in a gram of 
water, when it is taken from the state of ice below the melting 
point to the state of vapour at the boiling point. Initially the 
ice molecules oscillate about their mean positions. As the 
temperature increases, the oscillations increase in amplitude, 
and the increase in kinetic energy is equal to the heat supplied. 
When the melting point is reached, the oscillations become so 
large, that the elastic forces on the molecules are no longer able 
to bring them back to their mean positions, and they break loose. 
The solid then becomes a liquid. The latent heat absorbed 
increases the potential energy of the molecules. 

The water molecules move about the liquid, but knock in¬ 
cessantly against their neighbours. Their motion is consequently 
an oscillatory one about a position which is always changing. 
If a molecule reaches the surface, it is prevented from passing 
through it by the molecular attraction of the surface molecules, 
unless its velocity is very great, when it is able to overcome this 
attraction. At any one temperature the velocities of the water 
molecules vary about a mean, and, as the temperature rises, 
there is an increase in the number of molecules with velocities 
high enough to enable them to escape through the surface. Hence 
the explanation of evaporation. 

Any heat given to the water increases the kinetic energy of 
the molecules until the boiling point is reached. Then latent 
heat is absorbed in doing work against their mutual attraction, 
and causes a further increase in their potential energy. 

Work done by an Expanding Gas. —Let a mass 
of gas be contained inside a cylinder of cross-sectional 
area A, and let it be subjected to a pressure p by 
means of a piston (Fig. 187). Let be its volume. 

Suppose now that the gas is heated, and that the 
piston is displaced upwards through a small distance 
h. Since the change is a small one, we can assume i.'ig. i 37 , 
that it does not affect the pressure appreciably. The 
force acting on the piston during the displacement is then pA^ 
and the external work done by the gas during the 
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is pAh. Let Vz be the final volume. Then A/j=V 2 ~i>i, and the 
external work done is 


p{V2—Vi) 

The result holds, no matter what the shape of the envelope 
containing the gas is. For the surface of the latter can always 
be divided into plane elements, and, when the volume changes, 
each element is displaced outwards in the direction of its normal. 
v\'e have thus the general nile: 

The work done by a gas in a small expansion is equal to the 
product of the pressure and the increase in volume. 

Difierence of the Specific Heats of a Gas.— The specific heat 

of a substance was defined on p. 170 as the quantity of heat 
required to raise the temperature of one gram of the substance 
1 C. Ill the case of a solid or a liquid, if the pressure changes 
during the determination, the change of volume produced is so 
slight, that it can be disregarded. Thus the pressure does not 
require to be specified in the definition. It is, however, otherwise 
in the case of a gas, and here we distinguish two special cases : 

The specific heat of a gas at constant pressure^ Cp, is the quantity 
of^ heat required to raise the temperature of one gram of the gas 
1® C., keeping its pressure constant. 

The specie heat of a gas at constant volume, C*., is the quantity 
of heat required to raise the temperature of one gram of the gas 
1® C., keeping its volume constant. 

Let us assume that we have unit mass of a gas in the cylinder 
represented in Fig. 187, and that its temperature is raised through 
a small interval from Tj to T^^K, while p, the pressure, is kept 
constant. The volume consequently increases from an initial 
value to a final value v^, and the piston is pushed up. The 
quantity of heat supplied is, by definition, 

Cp(T2-Ti) 

and the external work done is 


M^’2—»i) 

The latter can only have been done at the expense of the heat 
supplied. Hence, if we change the calories to ergs, the difference 

JCp(T2 —Tj,) ~p{v2 —v^) 
is the gain of energy by the gas. 

If the volume had been kept constant, while the temperature 
was raised, the gain of energy, in ergs, would have been 


JC,(T2-Tj) 


The question arises, is this expression equal to the difference above ? 
The initial pressure and temperature are the same in both cases, 
the only factor that distinguishes the first from the second being 
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that the final volume is greater. Now Joule and Kelvin showed 
that the internal energy of a gas depends only very slightly on its 
volume, i.e. very little work has to be done in separating the 
molecules from one another. Thus we are justified in equating 
the two expressions, and 

JCp(T2 Tj^) piv^ —5yi)=JC,,(T2 Pj) 

P{-V2 — 


or 


Cp-Cy- 


J(T2-Ti) 


But from the gas equation 


pui 


=^"=R 


2 T, 


This ratio is equal to 


pV2 —pvi —^i) 

T2-T, Tg-T, 

Hence substituting above, we obtain the final expression 

c -c 


for the difference of the specific heats. 

It is interesting to note that Mayer used this expression for 
the case of air as a means of calculating the value of J, before 
Joule determined it experimentally. But the result was not good, 
owing to the data available at that time being inaccurate. 

To Calculate the Diflerence of the Specific Heats of Air.— 

We have 

R_ Po^o 
J 273J 

76 X13-6 X981 


c _c_— = 


0 001203 X273 x4-2 XlO? 
=0068 


Proof that the Kinetic Energy of the Molecules of a Gas varies as the 
Absolute Temperature.—Let us assume that we have a gas contained 
in a vessel with a plane wall, that the mass of each molecule is m, 
that the molecules are equally spaced, and that there are N of them per 
unit volume. We shall also assume that they have all the same 
velocity V, that one-third of them is moving at right angles to the 
plane wall, and that the other two-thirds are moving parallel to the 
wall, equally divided between two directions at right angles to one 
another. Only half those moving at right angles to the wall are 
moving towards the wall, i.e. per unit volume. All those moving 
towards the wall that are within a cylinder of length V and base 1 sq. 
cm. reach it in one second. Hence the number of molecules hitting 
the wall per sq. cm. per sec. is ^NV. Each suffers a change of momen¬ 
tum 2mV on impact, since the impact is perfectly elastic. Hence 
the pressure on the wall is given by 

p = iN V X 2mV ^ INmV ^ = ip V* 



where p is the density of the gas. 

Now —=pij=nT 

P 

where v Is the volume of unit mass* Hence 

V»==3RT 

and it follows that the kinetic energy also varies as T* 

We have, of course, made certain sin^lifying assumptions. Ii 
these are dropped, the result still holds if V^, the mean square of the 
velocity of the molecules, is substituted for the square of the velocity 
V*. It will b e noticed that the equation affords a means of 

calculating V*. 

If we have two gases at the same temperature and pressure, 

wliere the suflix 1 refers to the first gas and the suffix 2 to the second. 
The mean kinetic energy of the molecules of the two gases must be 
the same, for otherwise, when tliey are mixed and collisions take place 
between them, the one gas would gain energy and consequently heat 
at the expense of the other. Thus 

Hence Ni=N 2 , or under the same conditions of temperature and 
pressure equal volumes of different gases contain an equal number of 
molecules. This result is know’n as Avogadro’s law ; it was discovered 
by chemical reasoning. 

Conservation of Energy. —Joule showed, that when mechanical 
energy or electrical energy disappeared, it reappeared as heat. 
When heat is supplied to a gas in a cylinder, and work is done by 
the gas in raising a piston, we have the reverse change, heat 
converted into mechanical energy. When a stone falls from 
the edge of a cliff, its potential energy is converted into kinetic 
energy ; when it strikes the ground, the kinetic energy disappears, 
but reappears as heat. When coal burns, its chemical energy 
is converted into heat. Thus energy is never lost, but only 
changed from one form to another. This doctrine is known 
as the principle of the conservation of energy^ and is one of the 
chief foundations of modern science. It is generally expressed 
by the statement, that the sum total of the energy in the universe 
is constant. Joule’s experiments helped very considerably to 
establish the principle. 

Example.— An engine consumes 50 lb. of coal per hour. The 
calorific value of coal is 3*6 x 10« calorics per lb., and 1 ft.-lb. =13-56 x 10* - 
ergs. Given that the efficiency of tlie engine, i.e, the ratio between 
the useful work performed and the work represented by the heat of 
combustion of the fuel, is 5 per cent., find the horse-power that the 
engme develops. 
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Calorific value of coal consumed per minute 

56X8-6X10« 


60 

56 x6 xlO* cal. 
56x6xl0«x42xl0* 


13-56 X10« 

Useful work done per min. =5*205 xlO^ ft.-lb. 

_ 5-205x10* 

H.P. — 33 000 —1®*® 


ft.-lb. =1-041 XIO’ ft.-lb. 


Dissipation of Energy. —In steam and other heat engines work 
3S obtained by supplying heat to a vapour or gas which thereupon 
pushes a piston up a cylinder. Of the heat supplied part is lost 
by conduction through the sides of the containing vessels, part is 
carried away by the vapour into the air, and only the remaindei 
is converted into work. In conduction and radiation heat 
passes directly from a warmer to a colder body without yielding 
work at all. In all machines there is a certain amount of work 
lost in overcoming friction. It is easy to burn coal and warm 
the air around it, but it is impossible to collect this diffused heat 
into the chemical energy of the coal again. Thus, although the 
sum total of the energy in the universe remains constant, it iS 
running to waste as regards convertibility or availability. The 
universe is consequently like a clock which is running down. 
The process by which all energy is slowly but surely passing into 
a state of imiformly diffused heat was first pointed out by Lord 
Kelvin, and is known as the diffusion, degradatioHy or dissipation 
of energy. 

We derive our energy from the sun*s rays, the earth’s rotation, 
and gravitational attraction. The coal and oils which drive our 
engines owe their existence to the action of the sun at a distant 
epoch of the earth’s history. The vegetation which sustains life 
is ripened by the sun. The waterfalls which work turbines owe 
their energy to gravitation, to the sun’s rays which caused the 
water to rise into rain clouds, and to the earth’s rotation which 
helped to make the winds that carried the clouds. 

But the sun will become cold, the earth will cease to rotate, 
and all the bodies which can fall, will eventually fall together. 


Adiabatic Change. Adiabatic Equation of a Gas.—When a gas is 
compressed, the mechanical work done in the compression reappears 
as heat in the gas, raising its temperature. The comjlression must be 
done suddenly, as in the case of a bicycle pump, for the change to be 
noticeable. If it is done slowly, the heat produced has time to diffuse 
away out of the gas, before the rise becomes appreciable. In this 
case the change is said to be an isothermal one. if a substance 
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undergoes a change, and no heat is gained or lost by the substance 
during the change, the latter is said to be an adiabatic one. 

Let unit mass of a gas be contained inside a cylinder of cross- 
sectional ar?a A under a pressure p^. Let be its volume and T, 
its absolute temperature. Let it be compressed to a volume wliere 
is only slightly different from Uj, and let the temperature become Tj. 
The pressure at the same time becomes p^t but as p^ is only slightly 
different from p,, we may -write PxiVt —fi) for the work done by the 
gas in the compression. The heat received during the compression 
measured in units of work is 

JCt,(Tj— T,)+pt(ii2 —I’l) 

Let us assume that the change is an adiabatic one. Then the 
expression becomes zero, and 


Pi(^i —JCp(Tj —T|) 

On substituting for Tj and T* this becomes 


or 


JC 


JC. 

(Pa— — 
, JC„, 

H (Pa—Pi)^a— ^ (Oi—u*)Pi 


JC., 

Ua)p, 


since 



Denote the ratio of tlie specific heats, Cp/C^,, by y and divide by PjP^. 
Then 

Pa—Pi y(Pi—1J2 ) 

Pi 

Add 1 to both sides. Then 


or 



= 1 + 


y(Oi—t>g) 
^2 



since the R.H. side may be regarded as the first two terms in a binomial 
expansion. This simplifies to 

Pi^iy=p2^2 

We have assumed that the change is a small one, but any actual change 
may be divided into a number of small ones for each of which the above 
relation holds. Hence for any adiabatic transformation 

=constant. 

This is referred to as the adiabatic equation for a gas. For air, oxygen, 
nitrogen, and hydrogen y has the value 1*41. 
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Example.—A quantity of air at 80 cm. pressure is suddenly com* 
pressed to half its volume. Calculate the new pressure. 

We have 

log p 2 =log 80 + 1*41 log 2 
whence p^—212-5 cm. 

If the change had been an isothermal one, the new pressure would have 
been 160 cm. Hence the resistance to an adiabatic compression is 
greater than to an isothermal one. 

Liquid Air Machine.—When a gas expands adiabatically and does 
work'against the pressure of the atmosphere, it cools, because the work 
‘ds done at the expense of its own internal energy. When air expands, 
work is also done against the mutual attraction of the molecules. It 
was mentioned on p. 209, that Joule and Kelvin found that this work 
was small, and it was neglected in proving the formula for the difference 
of the specific beats of a gas. But when the pressure of the air is 
great, it becomes appreci¬ 
able, and gives rise to a 
cooling effect ; it is this 
cooling effect due to the 
work done against inter- 
molecular forces that forms 
the basis of Linde’s appa¬ 
ratus for liquefying air. 

Fig. 188 shows a form of 
the apparatus. Air is com¬ 
pressed by the pump A to 
a pressure of 200 atnio- 
spheres, and forced into the 
spiral B. The heat pro¬ 
duced by the compression 
is carried away by the 
running water which circu¬ 
lates round the spiral. The 
air then passes to the cock 
D through a narrow spiral 
inside the wide spiral as 
shown in the figure. When 
D Ls opened, the air expands to a pressure of 1 atmosphere, and the 
temperature falls. The cooled air then returns by the wi<le spiral to 
C and by the tube G to the pump again. On its upward passage, 
it cools the air which is coming down to D through the inner spiral. 
Thus the temperature of the air issuing from D falls, until the tempera¬ 
ture of liquefaction is reached. Liquid air then collects in the receiver, 
and can be drawn off through the stopcock at E. In order to replace 
the quantity liquefied, air is allowed to enter from thf atmosphere 
at F. 

In factories for the manufacture of ice the low ten^per.ature required 
is usually produced by the rapid evaporation of ammonia. Ammonia 
gas is liquefied at ordinary temperatures by the application of pressure 


^OOy^fmosp/ieres 





Fig. 188.—Liquid air machine. 
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alone. It is next passed through coils surrounded by runijing watcf 
in order to remove the heat of compression. The pressure is then 
reduced, whereupon it evaporates ; this evaporation is used to cool 
brine, which in turn is used to make the ice. 

Exampi.es VII 

1. Find the equivalent in ergs of the amount of heat required to 
raise 1 lb. of water through 1° F. 

2. Mercury falls from a height of 15 metres upon a perfectly non¬ 

conducting surface. How much is its temperature raised ? The 
specific heat of mercury is 0*033. • 

3. A waterfall is 80 ft. high. How much warmer should the water* 
be at the foot than at the top of the fall, if all the energy acquired is 
changed into irregular motion in a pool at the foot, and then into heat, 
none of the heat escaping to the bed of the river ? 

4. From what height must a raindrop fall to the ground in order 
that its temperature may be raised 1* C. ? (The result will be only 
of theoretical interest ; in practice the resistance of the air cannot be 
neglected.) 

5. A lead bullet of specific heat 0*032 strikes an iron target with a 
velocity of 350 metres per second. If the bullet falls dead, and half 
the heat produced is lost to the target, find its rise in temperature. 

6. In determining Joule's equivalent by Searle’s apparatus the 
radius of the disc was 12*5 cm., the number of revolutions 597, the 
weight of the pan and contained weights 177-2 gm., the water equi¬ 
valent of the cones 18*5 gm., and the weight of water contained 20 gm. 
In 4 min. the temperature of the water rose 4*5® C. from room tempera¬ 
ture. The rotation was then stopped, and the temperature fell 0*2® C. 
in the next 4 min. Calculate the result. 

7. A cylindrical copper tube closed at the ends, and of 1 sq. cm. 
cross-sectional area, has an internal length of 40 cm., weighs 20 gm,, 
contains 40 gm. of lead shot, and is filled up with water. It is held 
in a vertical position, and then rapidly reversed end for end 300 times. 
Find the rise in the temperature of the w-ater, neglecting the thermal 
capacity of the copper and lead and the space occupied by the lead. 

8. One litre of air is contained in a cylinder under a piston at 
O® C. and a pressure of 70 cm. The temperature is raised 1® C. Cal¬ 
culate in ergs the work done. 

9. Calculate the difference between the two specific lieats of 
hydrogen, being given tliat a litre of hydrogen at a temperature of 
0® C. and under ajpressure of 76 cm. of mercury weighs 0*08987 gm. 

10. Calculate V for the hydrogen molecule at 0° C. One litre of 
hydrogen weighs 0*08987 gm. at O® C. and 70 cm. pressure, 

11. What quantity of coal would produce the same quantity ol 
heat as the work of one liorse for one hour ? The calorific value ol 
coal is 3*0x10® calorics per Ib., and 1 ft.-lb. =13*56 x 10® ergs. 

12. A quantity of air at 70 cm. pressure is compressed adiabatically 
to two-thirds of its volume. Calculate the new pressure. 

13. A gas at 0® C, is suddenly compressed to haJf its volume. What 
does its temperature become ? 
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The '^ansference of Heat. —Heat is transferred from one body to 
another by three different processes : 

(1) If one end of an iron rod is held in a bunsen flame, the 
other end being held in the fingers, after a little while the end in 
the fingers feels warm. The sense of touch shows us that the rod 
becomes hotter, the nearer we approach the hot end. Heat 
travels along the rod, but there is no bodily motion of the particles 
from the one end to the other end of the rod. In this case the 
heat is said to be transmitted by conduction. 

(2) If a flask rather more than half full of water, is heated by 
a bunsen as shown in Fig. 189, the water directly 
above the bunsen becomes lighter as its tempera¬ 
ture rises. It consequently ascends, its place 
being taken by the colder water which comes 
from the sides. The currents can be made evident 
by dropping in a few grains of an aniline dye. 

They carry heat from the hotter to the colder 
parts of the liquid by transferring the molecules 
themselves bodily together with their heat. In 
this case the heat is said to be transmitted by 
convection, and the currents are referred to as 
convection currents. 

(3) The eArth derives its heat and light from 
the sim. But the earth’s atmosphere becomes 
thinner and thinner as we ascend upwards from 
its surface, ceasing altogether at a height esti¬ 
mated between 100 and 500 miles. Above this 
is merely empty space. Now we cannot have 
conduction or convection where there is no 
matter, so that the process by which the heat travels from the 
sun must be of an essentially different nature. The process by 
wliich heat passes from one place to another without'the action 
of any material medium is called radiation. As will be shown 
later, the radiation of heat obeys the same laws as the radiation 
of light. 



Fto. 180.—Con. 
vcctio!! currents* 
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Flow of Heat along a Bar. —The process of conduction can be 
made very clear by the arrangement shown in Fig. 190. AB is a 
copper bar one end of which dips into a crucible containing molten 
lead. Small holes equally spaced are drilled in the bar and 
thermometers are inserted in these holes, mercury being placed 

in each hole in order to 
ensure good contact. 
The progress of the heat 
along the bar is shown 
by the rise of the ther¬ 
mometer readin|% CD 
is a screen for protecting 
the rod from the flame 
which heats the lead. 

We may distinguish 
Fig. 190.— Conduction of heat along a bar. two stages in the experi¬ 
ment ; (i) the variable 

state during which all parts of the bar are rising in tempera¬ 
ture ; and (ii) the permanent state, or state of steady flow, 
which sets in a few minutes after the experiment has started. 
If we consider a small portion of the bar, MN, heat flows into 
this portion from the left. Part of this heat is used to raise the 
temperature of MN ; the amount used for this purpose is equal 
to the thermal capacity of MN multiplied by the rise of tempera¬ 
ture. The remainder either flows across the section N into the 
bar to the right or is lost by convection and radiation through the 
surface of MN to the air. After a time the temperature of MN 
ceases to rise. All the heat which flows in through M then 
passes out tlirough N, or is lost through the surface. The per¬ 
manent state is then reached. The variable state can thus be 
defined as the state of the bar during the time it is filling up with 
heat. 

The readings of the thermometers in the permanent state 
are shown connected by a dotted curve in the diagram. The 
slope of this curve is referred to as the temperature gradient; 
thus the tangent of the angle PTN is the temperature gradient at P. 

The heat that enters the bar from the lead at A, leaves it 
through the surface and the end B. The quantity passing through 
any cross-section per second diminishes as we approach B. But 
the greater the conductivity of the material, the farther along the 
bar the heat travels before escaping to the air, once the permanent 
state is reached ; and consequently the higher the temperatures 
attained. ' 

When the end A is dipped into the lead, the molecules at that 
end of the bar are thrown into violent to-and-fro motion. They 
collide with the neighbouring molecules, and throw them in 
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turn into motion ; these in turn collide with molecules farther 
along the bar, and presently all the molecules in the bar have 
their kinetic energy increased. And heat, as has already been 
mentioned, is simply the kinetic energy of the molecules. The 
molecules themselves do not travel along the rod ; the mean 
position of each molecule remains unaltered. But the kinetic 
energy is handed on from one molecule to another. 

Fundamental Law of the Conduction of Heat. —Fig. i9i 
represents another arrangement for studying the conduction of 
heat. A rectangular metal block has - .. 

two holes drilled in it and thermo¬ 
meters inserted in these holes with 1 * T 

their bulbs a distance d apart. On * * 

the one face is a steam chamber B 

surrounded by an outer steam chamber Ice ^ t-=-=- -i Steam 

C, and on the other face an ice chamber j : : 1 1 : 

D surroimded by an outer ice chamber i-;l - \ 1_ 

E. Thus the one face is kept at the I D ® V j— 

temperature of steam and the other q 

at the temperature of melting ice, and L_ j_ _ . i— 

heat flows across the block from right |r || 

to left. In the middle the lines of ^ ^ 

flow are parallel to one another and through a block, 

at right angles to the faces of the 

block, but above and below they are curved owing to heat escaping 
to the surroundings. We consider only the portion of the block 
between the inner chambers B and D, where the lines of flow 
are straight. These inner chambers are, of course, exactly oppo¬ 
site to each other, and their ends have the same area A. The 
outer chambers are merely a device, referred to as a “ guard- 
ring,” for ensuring that the lines of flow are straight in the inner 
portion of the block. 

The heat which flows across, melts some of the ice in the 
inner chamber D. The melted ice drains off as water, and can 
be collected and weighed. The product of the weight and the 
latent heat of water gives the quantity of Iieat which flows across. 
This quantity might also be obtained from the weight of the 
steam that condenses in B. 


Fio. 191.— Conduction of heat 
through a block. 


It is found as a result of experiment that the quantity of 
heat, Q, is 

(i) directly proportional to the area A of the face ; 

(ii) directly proportional to the time t ; 

(iii) directly proportional to the difference in temperature, 

T 2 —Tj, recorded by the two’ thermometers ; 

(iv) inversely proportional to d, the distance between the 

thermometer bulbs. 
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This result is known as the fundamental law of the conduction 
of heat. It can be put in the form of the equation 

d 

where k is a constant of proportionality, called the conductivity 
of the substance of the block. 

To put the definition in words : 

The conductivity of a substance for heat is the quantity of heat 
u hich passes in unit time between the opposite faces of a cube of unit 
side, when the faces are kept at one degree difference of temperature. 

In the equation (T 2 —Ti)/d measures the temperature ^adient 
across the block. 


Example. —How much heat is conducted per second through an 
iron plate 3 mm. thick and of 1 sq. metre area, when its two faces are 
kept at temperatures differing by 2 0® C. ? The conductivity of the 
plate is 0*140 c.g.s. unit. 



0*149xl0*x2 

0*3 


=9933 cal. 


Ingenhousz’s Experiment. —^The thermal conductivities of 
different substances can be compared by Ingenhousz’s experiment, 

the apparatus for which is 
shown in Fig. 192. It consists 
of an iron trough, into the sides 
of which are fixed rods of the 
different substances. These rods 
are all of the same shape and 
size, and extend the same dis¬ 
tance into the trough. They 
are coated with paraffin wax 
Fig. 192.— Ingenliousz’a experiment, which melts at about 52® C., 

and the trough is filled with 
boiling water. Heat from the water is conducted along the rods, 
and the wax melts to a certain distance along each rod, and 
drops off. The wax melts farthest along the rod which conducts 
best, and it may be shown by reasoning beyond the scope of this 
book, that if the bars are so long that their ends do not rise 
appreciably above the temperature of the room, then the con¬ 
ductivity of the substance is proportional to the square of the 
distance to which the wax melts. 

It should be noted, that the quickness with which the wax 
starts to fall off is no guide to the conductivity, but depends as 
well on the thermal capacity of the rod. As has already been 
mentioned, the heat has to fill up the rod as it travels along it. 
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and may at first travel faster along a rod with a low thermal 
capacity. Only when the wax ceases to fall off can a conclusion 
be drawn as to the conductivity. 

Measurement of the Conductivity of a Good Conductor.— 

The straightforward way of measuring the conductivity of a good 
conductor such as a metal is to use the method of Fig. 191. A 
modification of this method is in considerable use in laboratory 
courses under the name of Searle’s apparatus (Fig. 193). In this 
apparatus the guard-ring is dispensed with, but the bar under 
experiment is surrounded by felt, so as to prevent loss of heat 
from the side. Steam plays on one end, and the other end has 
a coil of thin copper tubing soldered to it, through which a steady 


Fio. 103.—Searle’s apparatus for measuring the conductivity of a bar. 

rlow of water passes. The amount of heat received by the water 
is determined by finding the weight of the water which flows 
through, and multiplying it by tlie difference in temperature 
before and after passing through. This amount of heat is the 
heat conducted through the bar. The temperature gradient is 
obtained from the readings of two thermometers “vhich are 

i>laced in copper tubes brazed into the bar a known distance 
apart. 

Forbes determined the conductivity of metal bars by using 
an arrangement similar to that shown in Fig. 190. The tempera¬ 
ture gradient was determined directly from the slope of the 
curve at P. The area of the cross-section was known. The only 
factor wanting to complete the determination was consequently 
the quantity of heat Q, which crossed the section of the bai 











directly below P per second. This quantity is equal to the 
quantity lost per second by the surface of the bar to the right 
of the section, and depends only on the temperature of that 
surface, which, of course, is known. It was determined by an 
auxiliary experiment, A short bar of the same material and 
.same cross-section as the original bar was heated to a uniform 
temperature slightly higher than the temperature of the bar at 
the section, and then left to cool in air, the temperature being 
read at short intervals by a thermometer the bulb of which was 
placed in a hole in the bar. Thus the rate of loss of heat from 
the short bar to air was measured for different temperatures, and 
from the results the quantity lost per second by each unit of 
length of the bar in the original experiment to the right of P 
to the air could be calculated. The sum of these quantities 
gives Q. 

Measurement of the Conductivity of a Bad Conductor. —The 
arrangements just described are unsuitable for determining tlie con¬ 
ductivity of a bad conductor such as glass, because the heat would 
travel round a glass block or glass bar instead of through it. We have 
consequently in this case to adopt the arrangement shown in Fig. 194. 



Fig. 104.—Apparatus Tor measuring the conductivity of glass. 

The substance to be experimented on, glass or whatever it is, is used 
in the form of a tube, AB, through which a steady stream of water 
flows, entering at A and leaving at B. This tube is surrounded by a 
steam jacket, and is joined at its ends by short pieces of rubber tubing 
to brass tubes containing thermometers, Tj and Tj. The thermometers 
are held in position by rubber stoppers. 

Let I be the length of the tube exposed to the steam, and let 
and Tj be its internal and external radii. The mean radius is 
and, since it is thin, the wall of the tube through which the heat has 
to pass is equivalent to a plate of area rrl{T^-{-T^) and tliickneas Tt—tf 
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Let <1 be the temperature of the water before entering, and let be 
ite temperature after leaving the tube, when the steady state is estab¬ 
lished. These temperatures will not differ much from the temperature 
of the room, and their mean value may be taken as the 

temperature of the inner surface of the tube. Its outer surface is at 
100® C., the temperature of steam. The quantity of heat flowing 
through the glass per second is consequently 

+rg)[100 - a)] 

r^-r, 

where k is the conductivity of the glass. Let m be the mass of water 
which flows through per second, when the steady sUite is established ; 
this can be obtained by receiving the outflow in a measuring cylinder. 
Then the quantity of heat received by the water per second is m{t^ —<j)» 
and on equating this expression to the one above we obtain 

77f(r,+r,)[100-4(/i+«2)] 

In order to have the water well mixed a piece of thick twisted wire or 
similar obstruction is often placed along the axis of the tube. 

All metals conduct heat well, the best conductor being silver, then 
copper and gold following in the order named. It is found that for 
metals and alloys the ratio of the thermal to the electrical conductivity 
has approximately the same value at any given temperature. This 
result is known as the Wledemann-Franz law. Wood does not conduct 
nearly so well as the metals. If a thin piece of paper is wound round 
a pencil and held in a flame, it is scorched at once. But if the pencil 
is replaced by a copper rod, the paper may be lield in the flame a few 
seconds without being scorched, for the metal conducts away the 
heat. 

Conductivity of Liquids and Gases.— Liquids, with the 

exception of mercury, are bad conductors of heat. If they are 
heated from below, the heat travels upwards mainly by convection. 
In a conductivity determination, therefore, the heat must be 
made to travel downwards. The heated liquid is less dense than 
the other liquid and remains floating above it j convection is 
consequently eliminated. 

The low conductivity of water is illustrated by a well-known 
experiment. A piece of ice is wrapped in gauze so as to make it 
sink, and allowed to fall to the bottom of a test tube filled with 
TKater. The test tube is then held in an inclined position, and its 
upper part heated by a bunsen burner. It is found that the 
water at the top can be made to boil for a considerable time 
without melting the icc. 

The conductivity of gases is still less than that of liquids, 
the value for air being about 0 00005 c.g.s. unit. The conduc¬ 
tivity of gases is independent of the pressure except at very low 
pressures. The poor conductivity of feathers, fiu, felt, and woollen 
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materials is due in large measure to the fact, that they are full of 
numerous small air spaces. The conductivity of woollen materials 
is greatly increased, if the enclosed air is pressed out of them. 

Conductivity and Sensation. —It is well known, that in a 
room where there is no fire, the iron fender feels colder to the 
touch than a rug beside it, although, as may be shown by a thermo¬ 
meter, they are both at the same temperature. This is simply 
because the iron is a better conductor of heat than the rug, and 
conducts away heat from the hand more rapidly than the rug 
does. But if they are both heated by the fire to the same tem¬ 
perature above the temperature of the hand, the fender feels 
hotter to the touch than the rug does, because it conducts heat 
more rapidly to the hand. 

The Davy Safety Lamp. —For a gas to burn in air it must be 
raised to a definite temperature known as the ignition temperature. 
If the temperature of the inflammable mixture is cooled below 

this value, the flame goes out. 
This fact forms the basis of the 
Davy lamp used by miners, and 
can also be demonstrated very 
neatly by the experiments shown 
in Figs. 195 and 196. 

In the experiment represented 
in Fig. 195 a piece of copper gauze 
is placed over a bunsen burner. 
Owing to the gauze conducting 
away the heat, the flame below 
the gauze cannot heat the gas 
above the gauze to the ignition 
point. Consequently the flame cannot pass through the gauze, 
and, if the gauze is pressed down upon the bunsen, the flame may 
go out. 

In the experiment represented in P'ig. 196 the gauze is placed 
upon the bunsen. The mixture of gas and air is then allowed to 
pass through it, and lit above the gauze. The latter is then 
raised. As it moves upwards, it conducts away the heat and 
lowers the temperature below ignition point; consequently 
below the gauze the flame goes out. 

The atmosphere of some mines contains an inflammable gas, 
called methane or fire damp, and if this comes into contact with 
a naked light, an explosion follows. A society which had been 
formed to discover some way of preventing these explosions, asked 
Sir Humphry Davy for his assistance, and the discovery of the 
safety lamp was the result. This is an oil lamp the flame of 
which is surrounded by a cylinder of wire gauze. The air neces¬ 
sary for the combustion of the oil passes in through the gauze. 



Figs. 195 anu 106.—The principle 
of the safety lamp. 
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If fire damp is present it enters into the lamp, and bums inside 
it with a bluish flame. But owing to the conduction loss through 
the gauze to the base of the lamp, the temperature of the lire 
damp immediately outside the gauze never rises to the ignition 
point. Thus the flame cannot travel outside the lamp, and 
explosions are prevented. 

Scale in Boilers.—In the furnace of a boiler heat passes from a hot 
gas through a metal plate to water. Owing to the hardness of the 
water a deposit called scale is sometimes deposited on the one side 
of the plate, and soot may be deposited on the other side. These 
diminish the conductivity of the plate very considerably, and owing 
to being deposited unequally set up temperature differences and 
consequently inequalities in expansion, that may weaken the boiler. 
Again, if a layer or film of gas after parting with its heat remains in 
contact with the plate, the heat from the remainder of the gas has to 
pass through this badly conducting him. The rate at which the heat 
flows from the furnace to the boiler depends more on not allowing 
such films to form than on the conductivity of the metal itself. 

Experiments on Convection. —Figs. 197 and 198 show two 
lecture experiments on the convection of heat. Fig. 197 shows a 
candle which has been lighted and 
mounted in a shallow vessel con¬ 
taining water. When a glass chimney 
is placed over the candle, so that 
the water prevents air entering from 
below, the flame dies down and goes 
out. But if a metal partition A is 
inserted in the chimney as shown in 
the figure, convection currents estab¬ 
lish themselves in the direction of 
the arrows, as may be demonstrated 
by the smoke of a match. These 
provide air for the flame, and the 
candle remains lighted. 

The water heated at the bottom 
of the lower vessel in Fig. 198 expands 
and becomes lighter than the sur¬ 
rounding water. It consequently 
ascends and passes up the tube AB, Figs. 197 and los. 

its place being taken by the colder 

water in the upper vessel which travels down the tube CD. Tlie 
motion can be shown very clearly by dropping some dye into tlie 
upper vessel and watching it travel down the tube CD. 

Convection currents are due to the fact, that substances 
change their density when heated. 
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Hot Water Supply* —Fig. 198 illustrates the principle of the 
domestic hot water supply. Tlie actual arrangement is shown 
in Fig. 199. B is the boiler, placed behind the kitchen fire, and 
T the hot water tank. The water heated in B ascends by the 
pipe M and enters at the top of T ; then, as it cools, it falls to the 
bottom of T, and descends by the pipe N to the bottom of the 
V>oiler. Water is drawn off at W to the hot water taps, and the 



place of this water is taken by the water that descends from the 
cold water cistern, C. The open pipe at J is for the escape of 
steam, should the water reach the boiling point. 

In the same way in a liot water heating system a pipe goes 
from the top of the boiler to the highest point of the system. 
From there it is led through the rooms to be warmed and then 
back to tjie bottom of the boiler. 

Example on Chimney.—A chimney 80 feet high and 8 square feet 
in internal sectional area at the top, has an air-tight cover put over it. 
The air outside has a temperature of 15° C. and pressure of 76 cm., and 
the air inside has an average temperature of 60° C. Find the force 
necessary to keep the cover in position. 

Let h be the height of the chimney, p the density of the air outside, 
p' the density of the air inside, and let P be the pressure of tlie atmo¬ 
sphere on the top of the cover. Then 

—pressure at the base of the chimney 
and P A 5 P'=pressure on lower surface of the cover. 

Hence A^(p—pO=upward thrust exerted by the air inside* 
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Under standard conditions ^=1*298 gm. per litre 

=0-08071 lb. per cub. ft. 

Hence required force=8 x80 x0 08071(f^-§—Mi) 

=6-6 lb. wt. 

The result is only approximate, since the gases in the chimney wU) 
include carbon dioxide, which is heavier than air at the same tempera¬ 
ture. But it shows how the draught increases with the height of the 
chimney^ and explains why sometimes a newly kindled iire will not 
“ draw,’* imtil the chimney is warmed. 

Land and Sea Breezes. —The land and sea breezes which are 
observed near the coast, especially in hot countries, are due to 
convection. During the day the heat of the sun raises the 
temperature of the land considerably higher than that of the sea, 
because the sea has a greater specific heat than the land has. 
During the night the land cools more rapidly than the sea does, 
because it has not the same store of heat to radiate away. Thus 
during the day the layers of air near the earth expand and rise, 
causing a cool breeze to blow in from the sea to fill their place. 
Tliis usually reaches its maximum in the late afternoon. But 
at night the air over the sea is the warmer and rises, causing a 

breeze to blow out from the land. 

Trade Winds. —The trade winds are examples of the same 
process on a larger scale. Heated air rises near the equator, 
its place being supplied by an inflow of cooler air from the north 
and south. If the earth were not in rotation, this inflow would 
take the form of a north wind in the northern hemisphere and a 
south wind in the southern hemisphere. But owing to the 
rotation of the earth points on its surface near the equator are 
moving from west to east with a velocity greater than points in 
higher latitudes. Hence a wind which starts south towards 
the equator with the component eastward velocity belonging 
to the region of its origin, finds as it moves southwards, that the 
surface is moving eastwards below it; thus with reference to the 
surface its direction is from north-east to south-west. In the 
same way the trade winds in the southern hemisphere blow 
from south-east to north-west. There are belts of calm north 
and south of the trade winds, where the air descends, which rose 
at the equator, and has now become cool. 


KXAMPE.ES Vm 

1. What would be the effect of wrapping up ice in blankets ? 

2. How much heat is conducted per second through a slab of copper 
8 cm. thick and of 1 sq. metre area, when its two faces are kept at 
temperatures differing by C, ? The conductivity of copper is 0-918 
c.g.8. unit. 



226 


HEAT 


3. A room is kept at a uniform temperature of 15® C., while the 
outside temperature is 5® C. Find the quantity of heat lost in an 
hour through a wall 3 metres high, 4 metres broad, and 40 cm. thick. 
The conductivity of the wall may be taken as 0 005 c.g.s. unit. 

4. In making a determination of the conductivity of a glass tube 
by the method described on p. 220, the length of tube exposed to the 
steam was 54-4 cm., its internal and external radii were 0-8675 and 
0-9775 cm., the temperature of the water was 13-8® C, before, and 
28-4® C. after passing through the tube, and the quantity of water 
that passed through per second was 23-8 gm. Calculate the result. 

boiler is made of iron, 0-5 cm. thick and of conductivity 0*2 
c.g.s. unit. On its inside surface a crust forms, 0-4 cm. thick and of 
conductivity 0 001 c.g.s. unit. The temperature outside is 300® C. 
and inside is 120® C. How much heat is conducted through each 
square centimetre per second 1 


CHAPTER IX 


RADIATION 

Apparatus. —As a means of detecting and measuring heat rays 
we may use either an ordinary thermometer having its bulb 
blackened with soot or covered with black paper, a differential 
air thermometer, or a thermopile. The differential air thermo¬ 
meter is represented in Fig. 200. The two 
biilbs have their surfaces blackened and 
one is placed to receive the rays ; the heat 
causes the air in it to expand and force 
the coloured liquid down the tube, and the 
displacement of the end of the column 
measures the intensity of the heat rays 
received. The bulbs are connected by 
pieces of pressure tubing, and so can be 
turned up or down. 

If the ends of two wires of different 
metals are soldered together and heat rays 
are allowed to fall on one of the junctions, 
an electric current flows round the circuit Fig. 200.--Differential 
proportional in intensity to the difference thermometer, 

in temperature of the two junctions. In the 

thermopile a number of pieces of wire of two metals—for example, 
bismuth and silver—are joined together to form a circuit, a wire 
of the one metal always being followed by a wire of the other, 
and the alternate junctions are brought together to the one point, 
and exposed to the rays. By this means the current is magnified, 
and the arrangement rendered more sensitive. 

Which of the instruments, thermometer, differential air 
thermometer, or thermopile, should be used, depends on the 
purpose in question. The ordinary thermometer will not render 
the results visible to a large audience ; the differential air thermo¬ 
meter is more suited for this purpose, and the thermopile is best 
of all, because the reading of the galvanometer can be made 
visible by the motion of a spot of light on a scale. The size of 
the bulb of the differential air thermometer makes it unsuitable 
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for work with narrow pencils of rays. The thermopile has the 
disadvantage of requiring a very sensitive galvanometer; the 
most sensitive thermopile on the market at present, when con¬ 
nected on to the Weston student galvanometer and placed as close 

as possible to an 8-candlepower lamp, gives a deflection of only 
4 divisions, corresponding to 0-000067 amp. 

As sources of heat rays we can use a metal ball heated to red 
heat, a tin filled with boiling water, or the arc lamp. One par¬ 
ticular pattern of arc lamp which takes less than five amperes 
and has carbons as thin as pencils, is very suitable for experiments 
on heat. In this lamp the positive carbon is horizontal, and the 
arc is surrounded by a glass cover which restricts the supply of 
air and prolongs the life of the carbons. 


Demonstration of Heat Rays. —In Fig. 201 P represents the 
crater of an arc lamp. The rays from this lamp fall upon the 

lens L and are brought to a 
58 ' focus at C. After passing 

—“—J"" IT -- through the focus they di- 

* -- L Y ^ verge again. The converg- 

• • ence and divergence of the 

Fig. 201. light rays may be made 

evident by receiving them 
on a piece of paper and moving this paper backwards and 
forwards. 


The bulb of a thermometer was covered with black paper, 
placed in succession at several points in the beam along the line 
marked A, and a reading taken of the rise of temperature produced 



Fig. 202.—^Distribution of energy across beam. 


in two minutes. After taking one reading the thermometer was 
allowed to coo! to room temperature before taking the next. 
These readings are represented by the curve A in Fig. 202; the 
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abscissee denote the distance in cm. moved by the thermometer 
across tlie beam. The same process was then repeated for the 
sections B and C, and the readings for these sections represented 
by the curves B and C. It should be stated that the image of the 
arc at C is three or four millimetres wide, and the bulb of the 
thermometer has a definite size ; hence the breadth of the curve C. 

The curves show, that as the beam becomes narrower the 
rise of temperature produced increases, or in other words the heat 
rays converge to a focus in the same way as the light rays do. 
If a piece of Ilford infra-red gelatine filter is placed in the path 
of the rays close up to the lens, it stops the light, and there is no 
visible image on a paper screen placed at C. But if the thermo¬ 
meter is moved along the sections A, B, and C, as before, curves 
are obtained similar to the curves A, B, and C in Fig. 202, except 
that this time the ordinates are only 64 per cent, as high. Conse¬ 
quently, although all the light is stopped by the filter, heat rays 
get through, and these dark heat rays converge to a focus in the 
same way as light rays do. 

Thus we have two different kinds of rays converging to a 
focus at C, light rays which produce a visible image on a paper 
screen and at the same time heat the bulb of a thermometer, 
and dark heat rays which produce no visible effect on a screen, 
but heat the bulb of a thermometer. Since the action of a lens 
depends on its power to refract light, it follows that dark heat 
rays are refracted in the same way as light rays. By refraction 
is meant the deviation of a ray which occurs when it passes from 
air into a medium such as glass, or from glass into air. 

Reflection and Absorption of Heat Rays. —Fig. 203 represents 
an arrangement for demonstrating the reflection of heat rays. 

L 



The radiation from an arc lamp P falls on a lens L, and after 
reflection by a glass plate or metat mirror at M is brought to ^ 



focus at C. By taking readings with a thermometer at different 
points on a section at C it may be shown that the focus of 
the heat rays coincides with the focus of the light rays, no matter 
what the inclination of the mirror is, both when the infra-red 
filter is interposed in the path of the rays, and when it is removed. 
1 hus heat rays obey the same laws of reflection as light rays, 
i.e. the incident and reflected beams make equal angles with 
the normal to the mirror at M. 

If an obstacle is set up to cast a shadow on a screen, and the 
edge of the shadow is explored with a thermometer or thermopile, 
it is found that the heat rays are cut off by the obstacle in the 
same way as the light rays are. Thus as regards propagation, 
reflection, and refraction, heat rays behave exactly as light 
rays, and it may be shown by reasoning which lies outside the 
scope of this chapter, that both light and heat are propagated by 
a wave motion through space. This wave motion consists of 
waves of different wave-length ; they have all the property of 
raising the temperature of the bodies on which they fall, but 
only certain wave-lengths have the property of exciting the sen¬ 
sation of light. The rays from the arc lamp which have the 
property of passing through the Ilford infra-red filter, have a 
longer wave-length than the rays of light have. 

Substances possess the property of transmitting heat rays to 
different degrees. Those which allow radiant heat to pass 
through them are said to be diathermanous, and those which 
absorb the radiant heat falling on them and prevent its trans¬ 
mission are said to be adiathermanous ; these names are, however, 
falling out of use. A vacuum is perfectly diathermanous, but 
the atmosphere, especially the aqueous vapour in it, absorbs an 
appreciable proportion of the radiant heat from the sun. 

The proportion of the radiant heat from the arc lamp trans¬ 
mitted by various substances may be determined by holding 
them up between the source and the blackened bulb of a thermo¬ 
meter, noting the rise of temperature produced, and comparing 
it with the rise when there is nothing in the path. The most 
accurate results are obtained by waiting until the temperature 
ceases to rise, but for rough work the rise in two minutes may be 
taken instead. When measured in this way, the Ilford infra-red 
filter is found to transmit 64 per cent., a glass plate 78 per cent., 
and a glass cell containing a thickness of one centimetre of water 
32 per cent, of the incident radiation, when that radiation has 
already had its character changed by passing through a lens. 

The statement is to be foimd in many books, that a solution 
of alum is particularly efficient as an absorber of heat rays. This 
is not the case ; a strong solution of alum absorbs appreciably 
less than the same volume of water. 
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Different Kinds of Heat Rays.—The fact that there are different 
kinds of heat rays each characterised by its own wave-length, should 
be borne constantly in mind. A body may be transparent to one kind 
and opaque to another. When a piece of metal is heated, it radiates 
at first heat of a long wave-length ; then as the temperature rises, the 
wave-lengths become shorter and shorter, until finally they are short 
enough to excite the sensation of light. 

Glass is transparent to light and the heat rays which have a wave¬ 
length not much different from the wave-length of light. These rays 
pass through the glass roof of a hot-house and warm up the interior. 
The latter then radiates heat of a longer wave-length to which glass 
is opaque. Thus the hot-liouse is a kind of light trap ; the radiation 
gets in, but cannot get out. 

Rock salt is transparent to the longer wave-lengths which glass 
absorbs, and hence lenses and prisms of rock salt are widely used for 
experiments with heat rays. 

All the different kinds of heat rays from the sun pass through inter¬ 
stellar space without absorption and therefore without warming it, 
and arc not absorbed much by air, but the aqueous vapour in the 
atmosphere absorbs the longer heat rays very strongly. Consequently 
the temperature never falls so rapidly at night as when there is a clear 
dry atmosphere. 

Experiment with Conjugate Mirrors. —Fig. 204 represents an 
alternative arrangement for experimenting with heat rays. Two 

Fio. 204.—Reflection of heat rays by concave 

concave metal mirrors of about six inches diameter are set up 
facing each other about two yards apart. The bulb of a differential 
air thermometer is placed at the focus of the one mirror, and a 
metal sphere is heated red-hot and placed at the focus of the 
other. As soon as it is in position, the column of liquid moves 
up the scale, showing that the heat rays after reflection by the 
first mirror travel in a parallel beam to the second, and are 
reflected towards its focus. If the bulb of the thermometer is 
removed from the focus, there is no effect. The fraction of the 
radiation transmitted by a glass plate or a cell containing water 
can be measured by placing them in the path of the beam, and 
the law of reflection can be further verified by allowing the parallel 
beam to fall on a plane mirror and then moving the second mirror 
about, until the direction of the reflected beam is found again. 

Heat Rays In History.—Archimedes, the njost celebrated niathe- 
mutician of aocient times, is said to have set the Roman tleet on lire 
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and destroyed it at the siege of Syracuse in 212 b.c. by concentrating 
the heat rays of the sun upon it with concave mirrors. The fleet was 
then one bowshot distant from the waUs. But the story is either a 
pure invention, or arose from a misunderstanding. It is not mentioned 
by Polybius, who was almost a contemporary of Archimedes, and who 
has given a detailed account of the siege. Only in the second century 
alter Chnst do we first hear that Archimedes destroyed the Roman 
fleet by nre, and then mirrors are not mentioned ; that part of the 
story dates only from the fourth century of our era. 

The n^st celebrated burning mirrors in history were quite moderate 
affairs. They were made by Tchirnhausen about 1087. With the 
aid of a large <^pper mirror he brought the sun’s rays to a focus and 
used them to kindle wood, boil water, melt tin which was three inches 
thick, and make a hole in a coin. He also made large burning glasses, 
and amused himself by boiling fish and crabs in water with them. One 
of his burning glasses was used at a later date in a weU-known experi¬ 
ment at Florence to burn up diamonds ; the fact that diamonds are 
combustible was then demonstrated for the first time. 

Large lenses and concave mirrors should not be left where the sun’s 
rays can fall on them ; they may set the laboratory on fire. 


£xperiliients with Leslie’s Cube. —So far we have been con¬ 
cerned with the properties of the heat rays themselves. We 
shall now consider the question of their emission and their 
absorption. 

Fig. 205 represents a very instructive experiment. A cubical 
tin box, known as Leslie’s cube, of about six inches side, has one 
_ of its sides covered with lamp black, the opposite 

G side brightly polished, and the other two treated 

in other ways. The cube is filled with boiling 
Y water and placed midway between the bulbs of a 
it differential thermometer, the blackened side oppo¬ 
site the one bulb and the polished side opposite 
the other. Both bulbs consequently receive heat 
by radiation. It is found that the column is 
depressed on the right, showing that a blackened 
surface radiates more heat than a polished one. 

Let us suppose now that one of the glass 
bulbs of the differential thermometer is black¬ 
ened and the other is silvered, and that two 
opposite surfaces of the. cube are blackened. Then, if the cube 
is lillcd with boiling water as before, and placed midway between 
the bulbs, with the blackened faces opposite them, it is found that 
the blackened bulb becomes hotter than the other one. But the 
blackened surfaces of the cube are radiating heat at the same 
rate. Hence a blackened surface absorbs more l\eat than a polished 
one. 

By treating the surfaces in other ways it may be shown 


Fig. 205.— 
L>cslic's cube. 
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generally, that surfaces which radiate heat well, also absorb it 
well. This may also be proved by other experiments. For 
example, if letters are written with ink on a piece of bright 
platinum foil and the latter then heated in the bunsen tlame, 
the writing stands out brighter than the surrounding foil. It 
absorbs more and consequently emits more. 

Ritchie Apparatus. —Fig. 206 shows an apparatus devised 

by Ritchie for showing that the emissive and absorptive properties 
of a surface increase in propor¬ 
tion with one another. It con¬ 
sists of two cylindrical metal 
vessels C and D, which are filled 
with air and connected by a 
glass tube in which a column 
of coloured liquid has been 
placed. Between them is a 
third and larger vessel AB 
which can be filled with hot 
water. The surfaces D and B 
are coated with lamp black, and 
the surfaces A and C are nickel 
plated and polished. When 
boiling water is poured into the 
middle vessel, the column of 
liquid does not move. B emits 
more than A, but D absorbs more 
than C, so the one vessel gains ex¬ 
actly as much heat as the other. 

Prevost’s Theory of Exchanges. —If a hot body is suspended 
in an evacuated enclosure in such a manner that there is no 
conduction loss to the enclosure, it loses heat solely by radiation. 
If the temperature of the body is read from time to time, it is 
found to decrease uncil it becomes the same as the temperature 
of the enclosure. There is then no further change, and it might 
be thought, that radiation from the body has ceased. 

If, however, the body is removed to another enclosure at a 
lower temperature, for example, a large evacuated tin surrounded 
by ice-cold water, radiation apparently starts again, and continues 
until the temperature of the second enclosure is reached. Now 
there is no material connection between the body and the second 
enclosure which could make the radiation start again. We are 
therefore forced to the conclusion, that the body has been radiating 
all the time. 

During the first part of the experiment the body was emitting 
radiation to the enclosure and receiving radiation from it. The 
amount received per second was constant, but the amount 
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emitted per second fell off as the temperature diminished, until 
finally when equilibrium of temperature was established, the two 
quantities balanced. When the body was removed to the second 
enclosure, its temperature and consequently its rate of radiation 
started to fall again. But when the final equilibrium of tempera¬ 
ture was attained, the radiation loss from the body balanced the 
gain from the enclosure. 

Arguing in this way Prevost propounded his theory of 
exchanges ; All bodies are radiating all the time, and the temperature 
of a body becomes stationary when it sends as much radiation to the 
surrounding objects as it receives from them. 

If in the experiment with the conjugate mirrors described 
on p. 231, a lump of ice is placed in the focus of the one mirror, 
the temperature of the bulb at the focus of the other mirror falls. 
This is not because the ice is radiating cold, but because the bulb 
is radiating more heat to the ice than the ice is radiating to the 
bulb. 

Newton’s Law of Cooling.—Let us suppose that a smaU 
calorimeter, which can be closed by a lid containing holes for a 
thermometer and a stirrer, is suspended inside a large vessel which 



Fig. 207.—Coolmg curve* 

is itself surrounded by water. Then, if the calorimeter is filled 
with a hot liquid and left to itself, it cools, mainly by convection 
and partly by radiation. If the temperature is read from time 
to time, and plotted against the time, we obtain a cooling curve 
such os is represented by the circles in Fig. 207. The ordinates 
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represent difference of temperature between the calorimeter and 
the surrounding enclosure, the latter being in this case at 13*0® C. 
2 J\(^It will be noticed that the temperature falls rapidly at first, and 
V then more slowly, and that after the lapse of two and a half 
hours the calorimeter is still more than one degree above the 
temperature of the enclosure. 

If instead of plotting temperature difference we plot the 
logarithm of the temperature difference against the time, we get a 
curve which is practically a straight line shown by the crosses. 
Consequently, if 6^ and 6^ denote the temperature differences at 
times ii and ^ 2 * 

log log fi) 

where A: is a constant. This gives 




If we subtract both sides from 1 


6 1 — 6 2 


= 1 — 


Now let us suppose that —^i=l min. Then the right-hnnd 
side, and consequently the left-hand side, is constant. Thus 
the fall in temperature per minute is proportional to $ 1 . This 
result was first observed by Newton, but under very different 
conditions from those described here. Stating it formally : 

The rate at which a given body loses heat is proportional to the 
difference of temperature between the body and its surroundings. } 

This result has already been made use of on p. 176 in connection 
with the convection correction in calorimetry. 


Specific Heat by the Method of Cooling.—The arrangement described 
in the preceding section can be used to determine the specific heat of 
a liquid. For suppose that when the calorimeter is filled with water, 
it takes x minutes to cool from d to 6n measured from room temperature. 
Divide the fall of temperature into n steps, 6 to 9^ to d*, . . . , 

to and let the times taken for these separate steps be Tj, r,, . . . t„. 
Then if is the mass of the water and w the water equivalent of 
the calorimeter, the rate of loss of heat during the first step 

(mj+to)-^ =c0 

'*’1 

by Newton’s law of cooling, c being a constant. Tlus may be rewritten 

_Ti _ ^ g —^1 

c0 
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Similarly for the second interval 

nii-i-w c$^ 

and summing for all the intervals 

Tl+Xg . . . +T» ^ cc ^ 0n-i~0 n 

nii+w cO • • ■ + c0n~j 

Let us now replace the water in the calorimeter by an equal volume 
of the liquid whose specific heat is to be measured. Let mg be its mass, 
let s denote its specific heat, and let y minutes be the time it takes to 
fall from 6 to $„• Then by reasoning exactly similar to that given 
above 

y _ gn-i-g n 

ce ‘ ‘ c0„-i 

Hence ——— =-^- 

ntl+W TTljS+W 

whence ^ 

\ /X 

If covers of different pieces of cloth are fitted over the calorimeter 
used in the above experiment and cooling curves taken, the ** warmths 
of the cloths may be compared. 

Emissivity of a Surface.— 'Vhe emissivity of a surface for heat is 
defined to he the quantity of heat emitted from one square centimetre of the 
surface in one second for each degree difference of temperature between 
the surface and its surroundings. 

If follows from the experiments already described, that the 
emissivity of a surface covered witli lamp black is greater than the 
emissivity of a polished metal surface, and that in general dark surfaees 
have higher emissivities than bright ones. 

The thermos flask or vacuum flask is a double-walled glass vessel, 
the space between the walls being a vacuum. The inner surface of 
the outer wall and the outer surface of the inner wall are silvered. 
Thus the convection and radiation losses through the side of the flask 
are a mininium, and it keeps a liquid hot or cold, as is required, for a 
very long time. The flask was originally designed by Dewar for 
containing liquefied gases. 

Example.-— Find the rate of cooling of a blackened copper ball 
of 2 cm. diameter with its temperature SO’’ C. higher than the sur¬ 
roundings. The density of copper is 8-9, its specific heat is 0*095, and 
the emissivity of the surface is e.g.s. unit. 

Quantity of heat lost per second= 47 r x 4 ^ X30 = f|^ 7 r 

Thermal capacity of sphere =Ait x8*9 X 0*095 =1*1277T' 


Hence rate of cooling 




Stefan *S Law.—New’ton’s law of cooling does not deal with 
the total energy radiated by the hot body, but with the excess 
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of the energy lost by radiation and convection over the energy 
gained by the same processes. It does not hold for great differences 
of temperature. In 1879 Stefan put forward the suggestion, that 
the total radiation from a body is proportional to the fourth 
power of its absolute temperature. He found that this law 
agreed with the observations made by Dulong and Petit many 
years previously. It was sho^vn theoretically by Boltzmann, that 
the law holds only for a “ black body,” a body the surface of 
which absorbs all the radiation incident on it, and it is consequently 
sometimes referred to as the Stefan-Boltzmann law. The surface 
of the carbon arc or of the carbon filament of a glow lamp is very 
nearly “ black ” in this special sense. 

Let us suppose that a black body is radiating in an enclosure, 
and that it is in equilibrium with the enclosure at temperature 
To** K. Tlien the rate at which energy is being radiated by the 
black body and the rate at which it is being received by the black 
body may each be represented by cTq^, where c is a constant. 
Let us now suppose that the black body is raised to temperature 
T. It consequently then radiates at the rate cT* and loses 
energy at the rate 

c(T*—To**) 

T=1000® K. and To=288° K., i.e. about room temperature, 
T^ is 145 times greater than Tq^, and the second term may be 
neglected in comparison with the first. 

Optical Pyrometry. —Stefan’s law has been applied to the . 
measurement of high temperatures. The best known instrument 
for this purpose, Fery’s radiation pyrometer, consists of a short 
tube open at one end, which is pointed towards the furnace the 
temperature of which is to be measured. At the other end is a 
concave mirror which concentrates the radiation on a thermo¬ 
couple, i,e. the junction of two wires of different metals. The 
focussing of the radiation on the thermocouple is done by an 
eyepiece which looks through a hole in the mirror. The thermo¬ 
couple is connected to a galvanometer, and the current is pro¬ 
portional to the fourth power of the absolute temperature of the 
source. 

There are other instruments in which the temperature is 
measured by matching radiation of one particular colour against a 
standard lamp. Optical pyrometry, as the method of deter¬ 
mining temperature from the properties of the radiation is called, 
is the only metliod suitable for temperatures over 1500° C* 
The numerical values it gives hold in the first instance only ori 
the assumption that the source is a “ black body.” If this is 
not the case, the results will be too low. But the method is very 
useful in industrial processes, where it is not necessary to measure 
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a high temperature in absolute units, but only to reproduce it 
with accuracy. 

Optical pyrometry has been applied to the sun and the crater 
of the carbon arc, and results have been obtained somewhat 
below 6000® C. for the former and between 3500® C. and 4000® C. 
for the latter. 


Examples IX 

1. A piece of ice is placed in front of a thermopile. Describe 
exactly what happens. 

2. A glass fire screen seems to cut off very little of the light of a 
bright fire. Of what use is it ? How would you prove your statement ? 

3. A copper calorimeter weighing 10 gm. is filled first with water, 
then with another liquid, and the times taken in the two cases to cool 
from 40° C. to 35° C. are 85 and 75 seconds respectively. The weight 
of the water is 7*3 gm. and that of the liquid 8-7 gm., and the specific 
heat of copper is 0-095. Calculate the specific heat of the liquid. 

4. A metal sphere at 40® C. cooling in air at 10® C. loses half a degree 
of temperature in the first quarter-minute. What is its temperature 
at the end of 12 minutes ? 

5. A long round copper bar 1 sq. cm. in cross-sectional area is heated 
and hung up in a room which is at a uniform temperature. By what 
h-action of its excess of temperature will it coo) per second ? The 
emissivity of the surface is c.g.s. unit, the specific gravity of copper 
is 8*9, and its specific heat is 0-095. The emission from the ends is to 
be neglected. 

6. Compare the amount of heat lost per second by a black body at 
600® C. and at 100® C. in an evacuated vessel which is kept at 10® & 
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SOUND 

CHAPTKR I 

WAVE MOTION 

Water Waves. —We shall begin the study of wave motion by 
considering the special case of waves formed on the surface of 
water. When a stone is dropped into a pool, waves diverge 
from the point where it strikes the surface and travel out in 
circles to the edge of the pool. They carry energy with them, as 
may be seen by the manner in which they roll pebbles up and 
down at the edge of the pool. This energy wasted in friction was 
part of the energy of the falling stone. But, though the energy 
moves on, the water particles which transmit it remain in the 
same place. This may be seen by watching a small piece of cork 
floating on the surface. Initially it is at rest; during the passage 
of the wave it oscillates to and fro, and, after the wave has passed, 
it is back in its original position. 

If the profile of the wave is examined at a distance from its 
origin, it is seen to have 
the shape represented in 
Fig. 208, that of a sine 
curve. It is hence said to Fio. 208 . 

be a harmonic wave. This 

profile moves bodily in the direction of the wave-motion. 

The distance betiveen two successive crests or two successive troughs 
is called tlie wave-length. 

The velocity with which any crest or trough moves is called the 
velocity of the wave. 

The time taken by a crest to travel one xvave-lengfh is called the 
period of the wave. 

The number of complete wave-lengths which pass a given point 
in one second is called the frequency 0/ the wave. 

If we denote the wave-length, velocity, period, and frequency 
by A, V, X, and n respectively, according to the definitions 

T=^ whence A=VT 
and whence V=7 iA 
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The height of the crests above, or the depth of the trouirhs 
below, the level of the undisturbed surface is called the amplitude 
of the wave. During the passage of the wave, water which would 
otherwise fill a trough is raised up to form a crest. The wave 
thus possesses potential energy. Also, owing to the motion of 
the water particles, it possesses kinetic energy. This potential and 
kinetic energy comes from the energy of the falling stone. The 
velocity acquired by the pebbles at the edge of the pool is pro¬ 
portional to the amplitude of the wave, and the kinetic energy 
Uiey acquire is proportional to the square of the amplitude. 
The intensity or rate of delivering energy of the wave is consequently 
proportional to the square of its amplitude. 

A wave shows the characteristic properties of reflection, 
refraction, interference, and diffraction. 

Reflection. —Fig. 209 shows what happens when a train of 
water waves approaches a wall or breakwater, as seen from above. 
VVW is the wall. The lines are the crests of the waves. As each 
crest reaches the wall, its direction of motion is altered, until, 
finally, the whole train is turned round. The direction of pro 




w w 

Fig. 209.—Reflection of plane waves. 

pagation of the wave makes equal angles with the wall before and 
after reflection. In the middle of the diagram the incident and 
reflected waves occur superimposed. 

Refruction. —The velocity of a water wave varies with the 
depth of the water, being greatest where the latter is greatest. 
In Fig. 210 let AB be one of a train of waves travelling on the 
surface of a.sheet of water of uniform depth. On the other side 
of MM let the depth suddenly become shallower, but let its value 
on this side be uniform also. The velocity of the wave becomes 
less when it crosses MM, and as a consequence its direction changes 
as shown by the figure, GF representing the wave after it has crossed, 
and CDF giving its position at an intermediate stage. This 
bending of the wave on entering a medium where the velocity is 
different is known as refraction. It has sometimes been likened 
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to a company of soldiers marching on to a ploughed field where 
they cannot go so fast. 

Refraction is often visible in the case of steamer waves, when 
they pass from the dredged-out channel of a river to the shallow 
water at the sides. It can also be seen whenever we have waves 



Fig. 211. Fio. 212. 


breaking on a shelving beach ; for, although the waves may be 
approaching the beach obliquely some distance out, when they 
reach shallower water they go more slowly, and consequently wheel 
round, breaking with their crests parallel to the beach. In this 
case the refraction takes 
place gi-adually, not sud¬ 
denly on crossing a line. 

Interference. — Fig. 

211 is a plan of a pool of 
water into which stones 
have been dropped simul¬ 
taneously at P and Q, 
causing the emission of 
two trains of five waves 
each. These trains are 
shown superimposed, the 
circles representing 
crests. Now, when a 
crest is superimposed on 
a crest, we have a crest 
twice as high ; when a Fic. 213.—Interference of wave trains on 
trough is superimposed » mercury surface, 

on a trough, we have 

a trough twice as deep, and when a crest is superimposed 
on a trough, they neutralise each other, and the level is the 
same as if the surface had not been disturbed. This is shown 
iu Fig. 212 ; the thick lines represent crests twice as high, and 
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the spaces at their ends represent undisturbed level. As both 
halves of the diagram are the same, only the part above PQ is 
drawn. It is possible to pass through the wave train from the 
I along the dotted line and have undisturbed 

The one wave has neutralised or interfered 
with the other; we have added wave to wave, and sot as a 
result nothing. ® 

Fig. 213 is a photograph taken from above of two overlapping 
wave-trams on a mercury surface. The regions where they inter¬ 
fere can be distinguished quite clearly. Figs. 214 and 215 show 
another way of approaching the subject; a and b are two waves 



Fio. 214. F,a 215 . 


which superimpose with crest on crest and trough on tmugh and 
give c; d and e are two waves which superimpose with crest on 
trough and trough on crest and give J". The crests fill up the 
troughs. 

Diflraction. —Fig. 2 I 6 represents a water wave passing 

perpendicularly through a hole, AB, in a wall. 
P is a plan of the wave before it reaches the 
wall, Q shows it actually at the opening, and 
R and S give two of its positions on the other 
side. It will be noticed that after passing 
through the hole the wave is not restricted 
to the space between the lines AH and BK, 
Fio. 210 . but curves round behind the wall at X and 

Y. To this bending round of the wave behind 
an obstacle the name “ diffraction ** has been given. 

Stationary Waves. —The dotted curves in the top diagram 
in Fig. 217 represent two water waves moving in opposite direc¬ 
tions. They have the same amplitude, the same period, and the 
same velocity. The full curve, which is obtained simply by 
adding the ordinates of the dotted curves, gives the resultant 
displacement of the particles on the surface. The second diagram 
represents conditions a time later, when the dotted waves have 
moved respectively to the right and JA to the left; the full 
curve again gives the resultant displacement. The third diagram 
represents conditions a time JT later, when the dotted curves 
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have moved respectively JA to the right and JA to the left ; the 
dotted curves now neutralise one another exactly, and tlie full 
curve is a straight line. 

The fourth and fifth dia¬ 
grams represent respec¬ 
tively conditions after times 
fT and ^T, the full curves 
giving the resultant of the 
dotted curves in each case. 

If we take later times, 

|T, gT, etc., we simply get 
the same changes in tiie 
reverse order. 

The points in which the 
full curves are intersected 
by the seven vertical dotted 
linejt are always at rest. 

These points are called 
nodes. The points midway 
between the nodes are 

called loops or anti-nodes ; 

at the loops the displace¬ 
ment changes from a 
maximum on the one side to a maximum on the other. The 
resultant displacement changes simply from the form given by the 
full curve in Fig. 218 through the straight line to the dotted 



Fio. 217. 



Fio. 218.—Stationary Wave. 


curve, and then back again through the straight line to the full 
curve. There is no forward motion of the wave as a whole, and 
the wave is said to be a stationary one. 

Thus two progressive waves of equal ampUtv.de in opposite 
directions produce a stationary wave with an amplitude twice as great 
as that of either of its components. 

Motion of the Particles. —The circle in Fig. 219 has twelve 
points on it, a, by c, d, e, f g, h, ?, f ky /, each point being distant 
80® from the next one, and is rotating in the direction of the arrow 
with uniform speed. Let T be the time required to make a com¬ 
plete revolution. Then if the topmost diagram represents tlie 
position of the circle for zero time, the other diagrams represent 
its positions for times -^fTy y-gT, fgT, ^T, y%T, and {fT. Consider 
the two points a and A. Let A move up and down a vertical line 
in such a manner that its perpendicular distance from the 
horizontal line is equal to the distance of the point a from the 
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same line. A thus describes a simple harmonic motion, and a is 
the auxiliary particle used in the dehnition of its motion. 

In the same way let B, C, D, etc., move up and down, so that 
the distance of each from the horizontal line is the same as 
the distance of the particle on the circle with the same letter from 
the horizontal line. B, C, D, etc., consequently also describe 
S.H.M.’s of the same period as A, but each in a different phase. 



Fig. 219.—Motion of particles in a transverse wave. 


Let Ai, Bj, Cl, etc., have the same distances from the horizontal 
line as A, B, C, etc., have. 

If all the particles in each diagram are joined by a curve, it 
will be noticed that this curve has the form of a sine curve, and 
that as the motion goes on, it appears to move bodily towards 
the right. If instead of stopping at Fi we add other particles, 
making the displacement of every twelfth particle the same, the 
diagram represents a harmonic progressive wave moving towards 
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the right. Since the particles move at right angles to the direction 
of propagation of the wave, the latter is said to be transverse. 
The period and amplitude of the S.H.M.’s of the individual 
particles coincide with the period and amplitude of the wave. 

If the displacements of the particles of the medium from their 
equilibrium positions are laid off along the horizontal line, instead 
of at right angles to it as in Fig. 219, we obtain the result shown 
in Fig. 220. In the top row the particles are crowded together 
at G and beyond Fj; at these two points a condensation or 
compression is said to take place. At A and at A^ the particles 
are farthest apart ; here a rarefaction is said to take place. 
And as the individual particles perform their S.H.M.’s these 
condensations and rarefactions move towards the right, just in 
the same way as the crests and troughs moved towards the right 



Fio. 220.—.Motion of particles in a longitudinal wave. 


in Fig. 219. A longitudinal wave is then said to pass along 
the particles from left to right, and the distance between any 
condensation and the one next to it, or between any rarefaction 
and the one next to it, is called the wave-length of the wave. 
At condensations and rarefactions the particles are passing through 
their equilibrium positions ; it is evident also, by comparing 
Figs. 219 and 220, that the crests and troughs of the transverse 
wave correspond to the points in the longitudinal wave where the 
density is unaltered. 

We have shown that if the particles of the medium are vibrating 
in the above manner, a wave passes. The converse may also 
be proved ; if a wave is passing through a material medium, the 
particles are executing either transverse or longitudinal vibrations 
or, as in the case of water waves, a combination of both. 

We can have stationary longitudinal waves in the same way 
as we have stationary transverse waves. At the loops the 
displacement and velocity of the particles are greatest; at the 
nodes the particles are at rest, and the condensations and rare¬ 
factions take place there. 

Solitary Wave. —It is not necessary that a wave should occur 
as part of a train : it may consist of a single irregularly shaped 
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elevation or depression, or pulse as it is called. The passage of 
such a pulse up a rope can be demonstrated by a well-known 
lecture experiment. A rope about 25 feet long is suspended 
vertically, the lower end held with one hand, and the rope struck 
with the other hand a few inches above this end. The indentation 
then travels up the rope, is reflected at the top, and can be seen 
quite clearly coming down the other side. 


Resultant of Two S.H.M.’s in the Same Straight Line.—Simple 
harmonic motion is defined as the projection upon a diameter of uniform 
motion in a circle. Let a point Q (Fig. 221) be moving round a circle 

of radius a with constant angular velocity oj. 
When 1=0, let it be at A. Then /lQCA = col. 
Let ^ACO = <i. Draw QF perpendicular to CO. 
Then as Q moves round the circle, P executes 
a S.H.RI. Its displacement CP=CQ cos QCP = 
a cos (wl-ba). a is the phase of the and 

the time taken by Q to go round the circle, 
27r/w, is its period. 

Let us suppose that wc have a particle exe< 
cuting two S.H.M.’s in the same straight line at 
the same time, both with the same period but 
with different amplitudes and phases. Then its 
resultant displacement is equal to the sum of the displacements due to 
the separate motions, and is given by 

a cos (u>l-{-a)-)-6 cos (ttil-|-/3) 



Fig. 221. 


where b and are the amplitude and phase of the second S.H.M. This 
is equal to 

a cos uit cos a —a sin tul sin a +6 cos oit cos — b sin wt sin )3 

=(a cos a + 5 cos cos wt—(a sin a+& sin j?) sin wt 

If we write a cos a-f-6 cos ^=R cos 8 

and a sin a-|-& sin ^=R sin 8 

it becomes R cos 


Thus the two separate S.H.M.’s compound into a S.H.M. which has the 
same period as tlic component S.H.M.’s. 

The expression acos(«wl-fa) represents the displacement of one 
particle for different times. The expression a cos {wx-\-a)i when 
graphed as a function of a?, represents the profile of a wave, i.e. the 
displacement of a great number of particles for one time, and it will 
be found from tlic graph that the wave-length is given by ^ttJw* 


Consequently a cos (oiX + a) cos (to® 4-/8) 

represents the superposition of two wave trains with the same wave¬ 
length. It follows from the above reasoning, that they compound 
into a wave represented by 

R cos {a»®4-S) 

which has the same wave-length as the component waves. 
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If the wave-lengths are not the same, the resultant does not take 
a simple form. It may be found by drawing the separate waves and 
adding their ordinates graphically. The case when the amplitudes 
are equal and the two wave-lengths are nearly equal is specially impor¬ 



tant. It is represented by Fig. 222. In this case the resultant is a 
harmonic wave the amplitude of which varies periodically. 

Resultant of Two S.H.M.’s at Right Angles to each other.—Let 
us suppose that a point P (Fig. 223) is executing a S.H.M. about O in 
the line AA' between the points A and A'. Take any straight lines 
through O at right angles to each other as OX and OY. The com¬ 
ponents of OP along OX and OY will vary in S.H.M. Hence, 
conversely, two S.H.M.*s at right angles to one another with the same 
period and in the same phase compound into a S.H.M. 




Consider next Fig. 224. The point Q is moving round the circle 
with uniform angular velocity. The projections of its motions on two 
diameters at riglit angles to each other vary in S.H.M. When the 
particle which represents the projection of the motion on OX is at A, 
the particle which represents the projection of the motion on OY is 

at O, starting out towards B. It is hence a phase difference ” behind, 
37r 

or 2 ' front of the other. If Q had been moving round the circle 

••• 

the other way, this particle would have been a phase difference - in 
front of the other. Hence, conversely, when two S.H.M.’s at right 
angles have the same period and amplitude, but a phase diff erence of ^ 

or they compound into uniform motion in a circle. 

It may be shown by reasoning beyond the scope of this book that 
two S.H.M.'s at right angles to each other which have the same perioda 
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different amplitudes, and any phase difference, compound into motion 
in an ellipse. . 

Wlien the two S.H.M.’s have not the same period, they are best 
compounded graphically. Let us suppose, for example, that the motion 

along OY has an amplitude two- 
thirds of the amplitude, and a 
period two-thirds of the period of 
the motion along OX. Draw two 
semicircles AC and BD of radius 
three and two units respectively 
(Fig. 225), and divide them into 
arcs that arc traversed in equal 
times. It is best to divide the 
quadrant into an integral num¬ 
ber of parts in each case ; hence 
we shall divide the semicircle 
AC into six and the semicircle 
BD into four parts. Now let 
particles start out simultane¬ 
ously from A and B, and move 
in the directions of the arrows. 
They arrive simultaneously at 
the points indicated by the same 
number. The S.H.M.’s to be 
compounded are the projections of the motions of these particles. 
Draw lines througlj the points with the same numbers to meet as 
shown. Then if a particle start out from P and pass simultaneously 
through the intersections of these lines, its motion will have the same 
projections as the particles which move on the semicircles. It is 
consequently the resultant of the two given S.H.M.’s. 

If the components are not in the same phase, the resultant motion is 
different. Fig. 226 shows it for various cases ; (a) is simply Fig. 225 
over again ; (6), (c), (d), and (c) are for the cases, where the phase of 

the vertical motion is respectively and ir behind the phase of 

the horizontal. 

If the ratio of the periods of the two S.H.M.’s can be expressed by 
whole numbers, the motion repeats itself after a time which is the least 


D 



Fig. 225.—Composition of two S.H.M.’s 
of different periods. 



Fig. 220. —Lissajous’ figures* 


common multiple of the periods. If the periods are not commensurable, 
the tracing particle never returns to its starting-point. 

The case where the ratio of the periods can nearly be represented 
by two simple numbers is of practical importance. For example, 
suppose that the vertical period is to the horizontal one in the ratio 
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101 to 150, and that the components start off in the same phase. Then 
initially they give a path very like (a) of Fig. 220. The vertical motion 


then falls beliind the horizontal one. When its phase is - behind, 



Uie path is very similar to that of Fig. 226 (5); and so on. The path 
in succession passes through all the forms of Fig. 226. Wlien it returns 
approximately to its initial shape, the one motion has gained a period 
on the other, and if this time 
is observed, the ratio of the 
periods can be obtained very 
accurately. Curves similar to 
those shown in Fig. 226 were 
studied very exhaustively by 
Lissajous about 1873 by optical 
methods, and are hence known 
as Lissajous' figures. 

Blackburn’s Pendulum.—The 
easiest way of compounding 
S.H.M.’s of different periods at 
right angles to one another is 
by means of Blackburn’s pen¬ 
dulum. This piece of apparatus 
is shown in Fig. 227. A glass 
funnel containing fine, dry sand 
is fitted through a lead ring 
and supported by string. For 
vibrations at right angles to the 
plane of the frame the arrange¬ 
ment forms a pendulum of a 
length equal to the distance 
from the lead ring to the top 
bar; for vibrations in the plane 
of the frame it is equivalent to 
a pendulum of length equal to Fio. 227.—Blackburn's pendulum, 
the distance from the ring to 

the clip r. The ratio of the periods can be adjusted by moving this 
clip. As the pendulum vibrates, the sand runs out, tracing the path 
on the paper below. 


Examples I 

1. If the velocity of a wave is 340 metres per sec. and its frequency 
256 per sec., find the wave-length. 

2. Find graphically the resultant of two simple harmonic motions 
at right angles to one another. The period of the one is twice tlie period 
of the other, the amplitudes are the same, and the phase of the motion 

with the shorter period is ^ ahead of the other. 

3. Two S.H.M.’s at right angles to one another give Lissajous' 
figures. The same figure recurs at intervals of 6 secomls. If the one 
S.H.M. has a frequency of 100 per second, and^the other has a frequency 
of nearly twice tiiis, find its possible values.* 
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PRODUCTION AND PROPAGATION OF SOUND 

Source in Vibration. —The source of a sound is always in a state 
of vibration, and, as the vibration dies down, the sound diminishes 
in intensity. This can be shown by a variety of experiments. 
If a bicycle bell is touched with the fingers, the ringing sound 
stops, because the fingers stop the vibrations. If it is clasped 
firmly in the hand, the vibrations cannot be started, and the 
hammer of the bell simply makes a rattling noise. 

If a noise is caused by dropping a weight on the floor, it and 
the part of the floor which it strikes are both set into violent 
vibration by the impact. If a stretched string or wire is plucked, 
so as to give a musical note, owing to the vibrations taking place 
too fast for the eye to follow them the string appears drawn out 
into a ribbon at the middle. Also small V-shaped pieces of paper 
placed on tlie string are tllro^vn off by the vibrations. When a 
tuning-fork is sounding, its prongs alternately approach and 
recede from one another. This is visible ^n the case of large 
vibrations ; also the vibrations can be felt on lightly touching the 
prongs with the fingers. 

Tuning-forks are sometimes mounted on wooden boxes open- 
at one end, called resonance boxes or resonators. This has the 
effect of making the note much louder. The vibrations of the 
fork are communicated to the box and to the air inside the latter ; 
this happens very easily, because the air inside the box has the 
same period as the fork itself. But, though the box makes the 
sound louder, it causes it to die away faster. What is gained 
in intensity is lost in duration. 

Velocity of Sound. —It is a fact of common obseiwation, 
that sound tal^s an appreciable time to travel. Thunder is not 
heard until some time after the lightning flash, and the flash 
of a cannon at a distance is seen some time before the report is 
heard. 

A famous determination of the velocity of sound in air w as 
made by Arago and other French observers in 1822. Two 
stations were chosen 18^-6 kilometres apart; at each station a 
cannon was placed, and observers were stationed with chrono- 
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meters. The cannon at the two stations were fired alternately, 
and the time noted which elapsed between the flash and the report. 
Observations were made in both directions, for if the wind 
assisted the velocity in the one direction, it would retard it in 
the other. The temperature was observed at a number of places 
between the two stations, the mean result being 15*9® C. The 
value of the velocity found was 340*9 metres per second for this 
temperature. The velocity of light is so great that the time 
taken by the light of the flash to go from the one station to the 
other could be neglected. 

The velocity of sound in watpi- w ar experimentally determined 
by Colladon and Sturm in 1827 on the Lake of Geneva, The 
measurements were carried out at night. Two boats were moored 
at a distance of 13*5 km. apart. The first carried a bell below 
the surface of the water ; the second carried an ear trumpet, 
the mouth of which dipped below the surface of the water and 
was closed by an indiarubber membrane. When a hammer struck 
the bell, some gunpowder was automatically ignited. An observer 
in the second boat measured the time between the flash of light 
and the arrival of the sound by the water. In this way it was 
found that the velocity of sound in water was four times as great 
as in air. 

The fact that sound travels in solid bodies, such as wood and iron, 
can be shown very prettily by an experiment with a tuning-fork and its 
resonance box. A rod of wood about 14 feet long and J inch thick 
with sharpened ends is taken, and the one end held lightly against the 
resonator. If the tuning-fork is sounded and held against the other 
end, the sound travels along the rod to the box, and is audible to a large 
audience. But if the tuning-fork is removed from the other end, the 
sound becomes very much fainter, and is audible only to the person 
holding the fork. 

Variation with Intensity.—The speed of sound is not independent 
of the intensity. This was shown in 1864 by Regnault at Versailles. 
Measurements were carried out in the open air by the method of the 
reciprocal firing of cannon, two distances, 1280 and 2445 metres, being 
used. The instants of firing and of receiving the sound were recorded 
electrically, and it was found that for the distances of 1280 and 2445 
metres the velocities were 331-37 and 330-7 m. per sec. respectively, 
when reduced to a temperature of 0° C. Hence nearer the cannon, 
i.e. where the sound is more intense, the velocity is slightly greater. 

Medium of Transmission. —If an electric bell is suspended 
inside the receiver of an air-pump by the tw’o wires carrying the 
current, and the air pumped out, the sound of the bell will become 
less and less as the air is removed, but becomes stronger at once 
if the air is suddenly readmitted. This shows that sound cannot 
be propagated in a vacuum. 
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The experiment would not succeed if the bell were 
allowed simply to rest on the bedplate of the receiver, for the 
vibrations would then be transmitted directly to the plate and 
thence to the external air, and the air inside the receiver would 
not be necessary as an intermediary. 

Reflection. —If an observer stands at a distance of about 
300 feet from a cliff or large building, and shouts towards it, his 
words are echoed back to him. The sound is reflected back by 
the cliff or building. At this distance the sound takes about 
half a second, to go to the cliff and back, and as the observer utters 
only two syllables iw this time, only his last two syllables are 
echoed back clearly to him. The rest of the echo is not heard 
distinctly owing to its being superimposed on the sound itself. 

The rolling of thunder is due to the reflection of the original 
sound^ by clouds at different distances from the observer. The 
sounding boards placed behind pulpits are for the purpose of 
reflecting towards the audience the sound that would otherwise 
travel upwards and backwards, and be lost. A ship in a fog 
can sometimes discover when it is approaching a line of cliffs 
or an iceberg by hearing the echo of its horn. 

Interference of Sound. —The simplest way of producing inter¬ 
ference of sound is by means of a tuning-fork. In Fig. 228, A 

and B are the prongs of a tuning-fork, 
viewed from the ends. They vibrate in 
such a way that they alternately ap¬ 
proach and recede from one another. 
When they approach, they make a con¬ 
densation in the air between and a rare¬ 
faction in the air towards Y and Y '; 
when they recede from one another, the 
opposite conditions are produced. An 
ear situated at X or X' is affected by 
both prongs in the same way, and if an 
Fig. 228. ear is placed at Y or Y', the one prong 

screens off the effect of the other. Hence 
in both these directions a loud sound is heard. But to an ear 
situated at P the one prong is sending out a compression when 
the other is sending out a rarefaction. Hence in this direction 
only a faint sound is heard. If the fork is struck and rotated 
about its handle, the sound waxes and wanes according as the 
ear comes into the lines X'X and Y'Y or the intermediate 
directions. 

Fig. 229 shows another way of producing interference of 
sound. The arrangement consists of glass or brass tubes about 
3 cm. in diameter, the narrower tube C sliding in and out of the 
other. A whistle is sounded at A. The sound travels to B 
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inside the tube by the two paths D and C. If these are equal in 
length, a loud sound is heard at B, If the tube is then gradually 
drawn out, so as to increase the length of the path C, the intensity 
of the sound diminishes at B. If it is 
drawn out further, the intensity increases 
again ; if the tube is drawn out further still, 
the intensity again diminishes. This appa< 
ratus is known as Kundt*s interference tube. 

Diffraction of Sound. —It is a well- 
known fact that sound is diffracted. If a 
noise is coming along the side of a high 
building w'here there are no walls or other 
buildings to reflect the sound, and an 
observer at a corner steps round the corner, 
he still hears it. 

Nature of Sound. —We have seen that sound possesses all 
the characteristics of wave motion. It has a finite velocity, 
requires a medium to travel in, and is capable of reflection, 
interference, and diffraction. It is therefore natural to assume 
that it is propagated by wave motion in air, water, or wood, 
or whatever the medium is. Since the source is always in a 
state of vibration, the wave motion must be started by the 
vibratory motion of some piece of matter, just as water waves 

might be started by dipping the end of a stick regularly below the 
surface. 

The only other explanation that might be offered of the 
propagation of sound is that it is carried by small particles 
shot out from the source in all directions, like bullets from a 
machine gun. But this explanation is ruled out by the fact that 
sound cannot cross a vacuum. We can also calculate what 
the velocity of a longitudinal wave in air ought to be, and the 
result agrees very well with the value obtained for the velocity 

of sound in air. So the matter is settled beyond all possible 
doubt. 

Calculation of the Velocity. —Newton showed that the 
velocity of a longitudinal wave in_a gas is given by the formula 



where k is the bulk modulus of elasticity for the gas, and p is 
Its density. Now we may calculate k for a gas on either of two 
assumptions. We may take for granted either (i) that Boyle’s 
law holds, or (ii) that the adiabatic equation holds, owing to the 
compressions taking place so rapidly, that the heat produced 
in them has not time to flow away. 

Let p and v be the pressure and volume of unit mass of a gas. 


D 



Fio. 229. 
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and when the pressure is increased to pi, let the volume become f|. 
Then 

Vi —V 


V 


The minus sign is prefixed in the definition to make k a positive 
quantity. If Boyle’s law holds, pv—piVi. Substitute for p. 
Hence 

Pi—Pi 


k - 


V 


Vi—V 
V 


=P1 


which becomes, since the change is a small one, simply 

k=p 

If the adiabatic equation holds, py>'=piUi>'. This gives 

+M)' ->■.(• H-!^) 

by the binomial theorem, since Vi—v is small. Hence 

y(vi ~v) 

p—pi=Pi^~^ -- 

and on substitution in the definition 


I P\ ~P 

k= — ^ =yp^=yp 

Vi —V 

V 

since pi is nearly equal to p. Thus on the two assumptions the 
velocity of sound is given respectively by 

V—and V=x/^ 

Newton made the first assumption. If we substitute for p 
and p the standard values for 0® C. his formula gives the result 
Vs=280 metres/sec., which is much too low. Laplace pointed 
o\it the source of the discrepancy in 1816 ; the compressions and 
rarefactions take place so rapidly that the heat produced has 
no time to flow from one part of the gas to another. Hence the 
second formula must be used. Since y=l*40 for air, it gives 
V = '\/l-4b X280=331*3 metres/sec., or 1087 feet/sec. This is 
the mean of the best modern experimental results. 

Effect of Temperature.—The variation of the velocity of 
sound in a gas with temperature follows very simply from Laplace’s 
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formula. Let Vo=velocity at O® C., and V=velocity 
Then, from the gas equation. 


at C 


o po\ ^ 273 / 


Hence 


V = Vypip = Vrpolpo \/ 1 + 


=Vov^ 


1 + 


t 


273 


=Vo( 


1 + 


273 
546 '' 





very nearly, since i is usually 15® C. or thereabouts. Thus the 
velocity increases with the temperature, and is uninfluenced 
by changes in pressure and density, 
as long as the temperature remains 
constant. 

Refraction of Sound. —The varia¬ 
tion of the velocity with temperature ^ 
sometimes causes refraction of a 
sound wave. For, in Fig. 230, let EF 

represent the surface of the earth, E F 

and A a wave front proceeding from non _ __ 

left to right. Let the air be hotter wave, 

near the earth’s surface. Conse¬ 
quently the lower edge of the wave travels faster, the dhection 
of propagation is gradually altered, and the wave is refracted into 
the upper regions of the atmosphere. 

The velocity of sound is increased when it is travelling with 
the wind, and diminished when it is travelling against the wind. 
If a wave were opposed by a head wind the velocity of which 
increased with the distance above the earth’s surface, it would 
be refracted in exactly the same manner as is represented in 
Fig. 280. 


Proof of Formula for Velocity.—We shall now prove the formula 

y = y/kfp. The proof is usually regarded as difficult, and may be 
omitted without prejudice to what 
follows. 

Let us assume that we have a 
tube of unit cross-sectional area 
along which a wave is proceeding 
from left to right with velocity V 
(Fig. 231). The condensations are Fig. 231. 

represented by the shading. Let 

p, p, u and Pi, p,, Ui be the pressure, density, and velocity of the 
particles on the planes A and B respectively. 

Imagine two planes moving with velocity V from left to righV 
which are instantaneously coincident with the Oxed planes A and B. 
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Since these moving planes always preserve the same position relative 
to the compressions and rarefactions, the mass of gas between them 
remains constant. -When they are in the positions indicated, the rate 
at which gas is entering through A is 

P(«-V) 

and at which it is leaving througli B is 

V) 

Hence p(w-V)=p,(ui—V) 

or p«—/Ji«i='V(p—pi) 

On the left-hand side of this equation we may write pj=p, since the 
density does not vary much about its mean value, while u varies from 
a positive to a negative value. Thus the equation becomes 

p(« —«i) = V(p —pi) 

Consider now the gas between the two stationary planes A and B. 
Let the distance between them be 1. The time taken by the wave to 
go from A to B is i/V, and during this time the velocity at B changes 
from Uj to u. Hence the acceleration is 

(u—Ml)V 

I 

and the rate of change of momentum of the gas contained between 
A and B is 

.(M—«,)V 

pi - j -=p(m— tti)V 


The resultant force on it is the difference of the pressures on the two 
faces,/?—P j. Thus 

p—Pl=p(«—Ml)V 

If we substitute for p(w — Mj) from the equation above, this becomes 


p_p,=V*(p- 


But 


k=- 


Pi~P 

Pi_p 

1 

p 


V»(p 
iP 


Pi) 

Pi) 


or 


P-Pt 

p—Pi 


=p 


p*“Pi 


whence 


Hence 


V*=-- and V 

p 




P—Pi 

p—Pi 


k 

p 


Sensitive Flame. Gallon’s Whistle.—The arrangement repre¬ 
sented in Fig. 229 can be used to determine the wave-length of the 

sound wave. Initially there is the same number of wave-lengths in 

each path, so when the two waves arrive at B, compression is super¬ 
imposed on compression and rarefaction on rarefaction. When 

interference is first produced, the one path is half a wave-length longer 
thou the other. When the sound reaches a maximum again, it is 
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a wave-length longer than the other. Hence, if the lengths of the 
paths are measured, the wave-length can be determined. 

For detecting the effect at B it is better to use a sensitive flame 
uist6A<l of tbc car* This is a gas flame produced by a pin-hole burner 
the pressure of which has been increased until it is on the point of 
flaring, as shown in Fig. 232, B. When a sound of suitable pitch is 
produced, the flame shortens and roars, as shown in Fig. 232, A. The 

M flame will work only with a good gas 

pressure, 3^ to 5 inches of water, but 
at this pressure it is extremely sensitive 
to waves of a high pitch. 

In Rayleigh’s sensitive flame (Fig. 
233) the gas is delivered into the 
interior of a small box which is closed 
on one side with tissue paper or a sheet 
of mica. It then passes up a vertical 
tube and burns at the top. The 
pressure is adjusted with the clip, 
until the flame appears to be detaclied 
from the top of the tube ; it is in this 


t 

9 


Fio. 232.—Sensitive flame. Fio. 233.—Rayleigh’s sensittvw 

tiaine. 

condition that the flame is sensitive. This flame works at ordinary gas 
pressures. 

The best source of sound to use with the sensitive flame is Galton’s 
whistle._ This produces a slirill note the pitch of which can be raised 
to the limit of audibility by sliding a piston along a tube. 

When a sound wave is reflected by a wall, it is supciiiiiposed on 
the incident wave, and stationary waves are produced as shown in 
Fig. 217. There can be no motion of the air particles at the wall, as 
the wall stops the motion. Hence there is a node there. If a sensitive 
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flame is moved out from the wall, the positions of the loops and othef 
nodes can be determined, and hence the wave-length calculated. 

Sound Ranging.—During the Great War the batteries on the west 
front took up fixed positions which were carefully camouflaged to screen 
them from aerial observation. “ Sound Ranging ” was the name 
given to the method of locating these hidden batteries by noting 
the time at which the sound was received by three different stations. 
Fig. 234 shows the principle of the method. A sound starts from the 
source S, and is received at the three stations A, B, and C. At each 
station the time is recorded at which the sound wave arrives. Renee 
the intervals between its reaching A and B and A and C are known, as 

are also the distances travelled by sound in 
these intervals. If circles are drawn with B 
and C as centres, and these distances as radii, 
the centre of the circle wliich passes through A 
and touches these circles is the source S. 

The recording stations were situated at dis¬ 
tances of from three to nine miles from the 
source. Bach had a microphone connected by 
cable to a station behind the base, and the 
variation of the current in each cable was re- 



Fig. 234 


corded photographically on the same moving 
film. The time intervals could be measured in this way to second. 
Wind distorted the wave-front, and this involved elaborate corrections. 

Energy of the Sound Wave.—When a sound wave diverges from 
a point in open space, its energy spreads over the surface of a sphere 
of ever-widening radius. If B is the total amount of energy emitted 
per second, the quantity received per sec. per sq. cm. of the surface is 


E 

4n-f * 


The intensity of the sound is consequently inversely proportional to the 
square of the distance. Speaking tubes confine the energy and increase 
the distance at which sound is audible. 

When a lecturer speaks in a hall, in addition to the direct wave to 
the hearer, there are all sorts of reflected waves. Sound is reflected 
from wall to wall, weakened by each reflection ; hence the larger the 
hall, the longer it takes to die down. Curtains, cushions, rugs, etc., 
absorb sound very much better than plaster, glass, or boards ; hanging 
the walls with heavy curtains may greatly improve the acoustics of a 
building. The reverberation is also, for the same reason, usually 
much less when the hall is full than when it is empty. Speakers in 
large halls go slow, so as to allow the reverberation of one word to 
die down before uttering the next. A sounding board behind the 
speaker is often a great help ; the reflected wave then follows so closely 
on the direct wave that there is no confusion. 
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Examples II 

In order to simplify calculation, take V ses 340 metres/sec. or 1100 
ft./sec. if the temperature is not specified. 

1. Given that the velocity of sound is 331*8 metres/sec, at 0* C., 
hnd its value at 15^ C. in metres/sec. and ft./sec. 

2. A peal of thunder is heard four seconds after the lightning flash 
is seen. How far distant was the flash ? 

3. A ship enters a fog and blows its siren. The blast is echoed back 

in 1^ sec. Assuming that the reflection is from an iceberg right ahead, 
and that the ship*s speed is 12 knots, how long would it take to reach 
the iceberg ? (1 knot = 0080 ft./hr.) 

4. It is observed that waves pass a fixed point once in every four 
seconds, and that the distance from crest to crest is 23 ft. Find their 
velocity in miles per hour. 

5. A bullet fired from a rifle with a velocity of 2000 ft./sec. is heard 
to strike a target 2*5 sec. later. Find the distance of the target firom 
the marksman. 

6. A stone is dropped into a well and heard to strike the water 
2 sec. later. How deep is the well ? 

7. A litre of hydrogen weighs 0-08087 gm. under standard conditions. 
The ratio of its specific heats, y, is 1-41. Find the velocity of sotmd in 
hydrogen when the temperature is 10* C. 

8. The positions of three stations. A, B, and C, are specified by the 
rectangular coordinates (4,0), (0,0), and (0,2) on a map, distances being 
measured in miles. A noise is recorded 13-14 sec. later at B than nt A, 
and 8-89 sec. later at C than at A. Find the coordinates of the source 
by a geometrical construction. 
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UEA6UREMBNT OF FREQUENCY. MUSICAL SCALE 

Loudness, Pitch, Quality. —Sounds can be divided into two 
classes, noises and musical notes. 

The distinction between a noise and a musical note is that a 
musical note is propagated by a regular -wave with a dehnite frequency^ 
while a noise has no definite frequency and is propagated by a wave 
of an irregular form. 

A musical note has three characteristics, loudness, pitch, and 
timbre or quality. The loudness of a note depends on the in¬ 
tensity of the wave pi-oducing it, the latter being 
proportional to the square of the amplitude of 
vibration of the air particles. It may be 
measured at a point by the quantity of energy 
delivered there by the wave per sq. cm. per sec. 

In the language of everyday life we speak of 
the pitch of a note as being high or low. 

The pitch of a note depends only on the fre¬ 
quency of the wave producing it ; the greater the 
frequency^ the higher the pitdi. 

Even when two notes have the same pitch 
and intensity they may differ from one another. 
Thus the notes of the piano are quite different 
Fio, 235 .—Simple from tliose of the flute. This difference is re- 
siren. feiTed to as difference in quality or timbre. It 

is due to the note not being simple, but containing other fainter 
notes of a higher frequency. 

Siren. —The fact that the pitch of a note is determined by its 
frequency can be shown by an instrument called the siren. In 
its simplest form this consists of a wooden or cardboard disc 
(Fig. 235) pierced with a ring of small equally spaced holes. The 
disc is mounted on an axle perpendicular to its plane, and can be 
rotated at different speeds. A jet of air from a bellows is directed 
against the disc as shown ; as each hole comes into position in 
front of the jet a puff is forced through it, starting a pulse of 
compression on the other side. If the wheel is rotating uniformly, 
these pulses follow one another at regular intervals and combine 
to form a note of definite pitch. As the disc is rotated faster, 
the pitch of the note rises. 
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Figs. 236, 237, and 238 show the usual form of the instrument. 
Fig. 286 shows its external appearance, and Fig. 238 is a vertical 
section. A is a brass disc with 18 holes in it, which is free to 
rotate about a vertical spindle. Fig. 237 gives a plan and section 
of this disc, one of the holes being shown at n. Below this movable 
disc there is a fixed disc B, also with 18 holes in it; these are placed 
so as to coincide simultaneously with the 18 holes on the upper 
disc. One of the holes in B is shown at m. The holes in A and 
B are inclined obliquely to one another ; consequently when wind 
from a bellows is forced up the tube O, and escapes through in 


Fio. 236. Fig. 238. 



Siren* 


and n and the other holes to the atmosphere, it strikes obliquely 
against the sides of the holes in A, and imparts a rotary motion 
to A. As the pressure of the air in the bellows increases, the speed 
of rotation of the disc A increases. At first when motion starts, 
the siren gives only a hissing sound ; this changes into a note of 
very low pitch which goes higher and higher as the speed of 
rotation increases. By regulating the pressure of the air it is 
possible to keep the speed of rotation and consequently the pitch 
of the note constant. 

The spindle T is connected to a speed counter with two dials, 
one of which reads single revolutions and the other hundreds 
of revolutions. The speed counter Is started and stopped by the 
screws C and D. 

Let us suppose that the pitch of the note emitted by the siren 
is kept constant and that N revolutions are recorded in an interval 
of time U In each revolution the holes come opposite one another 
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18 times. Wlien the holes come opposite one another, 18 
simultaneous blasts of air are emitted, and a wave is started. 
Thus in time t there are 18N waves started, and the frequency 
of the note emitted is consequently 18N/<. 

In using this siren to determine the pitch of a note there is 
considerable difficulty in keeping the speed of rotation constant 
at such a rate that the siren is in unison with the note. Hence 
in the best instruments the disc is rotated by an electric motor. 
The holes are then bored vertically. 

Savart*s Wheel.—Savart*s wheel has teeth somewhat like a circular . 
saw. It is used with a short strip of steel which is clamped, so that 
the free end presses against the teeth. When the wheel rotates, the 
spring vibrates and emits a note the pitch of which rises as the velocity 
of the wheel is increased. 

Tuning-fork.—The tuning-fork is a U-shaped metal rod used 
as a standard of pitch. It is sometimes screwed into a wooden box, 



Fig. 230.—Tuning-fork with 
resonator. 



vibration of tuning-fork. 


open at one end, which resounds to the note of the fork, making 
it louder, but at the same time shortening its duration (Fig. 239). 

Let us suppose that a metal rod which is free at both ends 
is sounding with two nodes at NN, as shown in Fig. 240 (a). 
The rod is vibrating up and down, and if the wave form is 
drawn through the nodes, it will be noted that both ends are 
up at the same time. Now gradually bend the rod through 
the shapes (b) and (c) to (d). The nodes come closer together, 
and in (d), which forms a tuning-fork, they practically coincide. 
Since both ends were up at the same time in (a), it is clear that 
they will vibrate in (d), so as to approach, and recede from, each 
other alternately. 

The reason why tuning-forks are used so much in sound is 
because they give a simple tone, and the wave they produce 
approaches the ideal sine curve more closely than any 'wave 
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originated in another manner. Their pitch is also oiily slightly 
affected by changes in temperature. 

Electrical Tuning-fork. — For some purposes 
tuning-forks are required to maintain a continuous 
note for a long time, and in this case it is usual to 
drive them electrically. Fig. 241 shows one way of 
doing this. The fork is supported on a heavy stand, 
and a small electromagnet fixed between the prongs. 

The current from a battery B enters the fork below, 
leaves it by the spring contact at S, flows round the 
coil of the magnet, and then goes back to the battery. 

This brings the magnet into action. The latter 
attracts the prongs and breaks the circuit at S. 

The magnet then demagnetises, the prongs fly back, 
and the circuit is once more made. And so on, the 
action being similar to that of an electric bell. 

Measurement of Pitch of a Tuning-fork, —Since tuning- 
forks are used as standards of pitch, it is necessary to be able to 
measure their frequency with accuracy. 

One way of doing this is to attach a 
bristle to a prong of the fork and cause 
this bristle to trace a wavy line on a 
smoked cylinder or drum which is ro¬ 
tating rapidly. One end of the axle is a 
screw working in a nut, so as the cylinder 
rotates its surface moves in the direction 
of the axle and the tracings made in suc¬ 
cessive revolutions do not superimpose. 

At the same time a tracing is made by 
a point which is periodically raised by 
a small electromagnet, the current of 
which is made by the pendulum of a 
clock. The frequency is then determined 
by counting the number of vibrations 
whicli occur between two of the time 
marks. The arrangement is called a 
chronograph. An alternative method 
of making the time marks is to use an 
electrically driven tuning-fork of known 
frequency. The cylinder is usually ro¬ 
tated mechanically. 

A simpler apparatus much used in 
students’ courses is the falling plate. 

This is shown in Fig. 242, arranged for 
comparing the frequencies of two forks. These are clamped on the 
block A, and have fine bristles attached to their inside prongs. The 



Fig. 242.—Falling plate 
method of comparing 
frequencies. 
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surface of a brass piate is smoked, and the latter is then supported 
in the slide. The ends of the bristles should just touch the smoked 

surface. The forks are bowed until they both sound 
loudly. The plate is then made to fall by pulling away 
the prop B, or, better still, by releasing a spring clamp« 
The bristles trace wavy lines on the plate, and by 
counting the number of wave-lengths on equivalent 
lengths of the two traces the ratio of the frequencies can 
be determined. 

Formula for Falling Plate Method.—The frequency of a 
single fork can be calculated from a trace made by this 
method as follows : Let PQR be the trace (Fig. 243), 
suppose that there are exactly m waves in PQ and in QR, 
and let the lengths of PQ and QR be respectively and l^. 
The time of fall is the same between P and Q and between 
Q and R ; denote it by t. Let u be the speed of P as it 
passes the bristle. Then 


P 

Fig. 243. 


and lz=(u+gt)t‘^igt^ 
and t 


Hence /»—and t — 

Thus the frequency of the fork is given by 


m / g 

t — 

In order to obtain good results contact with the bristle should be light, 
and there should be no friction between plate and slide. 

Stroboscopic Disc Method of Finding Frequency of a Fork.—In this 
method two light pieces of card or metal foil, C, D, are attached to the 
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ends of the prongs, A and B, as shown in Fig. 24-4. Bach has a slit 
in it, and these slits are situated so that they are exactly opposite 
each ottifvr when the prongs are in their equilibrium position. When 
the fork is sounding, it is possible for the eye at E to see the object F 
through the slits only when the prongs are passing through this position, 
that is, twice every period. 

A white circular disc on which rings of equally spaced black dots 
have been painted (Fig. 245) is placed behind the fork and kept in 
rotation by an electric motor, the number of revolutions being read by 
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a speed counter. If it is observed through the slits, it is, of course, 
only seen intermittently, but the fork vibrates so fast that the different 
impressions blend, and in general the dots appear to be in continuous 
motion. The speed is, however, adjusted, so that while vision is cut 
off, each dot moves into the position 
previously occupied by its neigh¬ 
bour ; they then appear to be at 
rest. Let the disc in this case make 
N revolutions per second, let n be 
the frequency of the fork, and let 
there be m dots in the ring. The 
number of dots which pass any 
point in a second is Nw. Hence 
the disc must be seen Nm times 
per second. But it is seen 2n times 
per second. Consequently 

Nm 

n — 

In cinematograph pictures of 
carriage wheels the spokes some- Fig. 245. —Stroboscopic disc, 
times appear to revolve slowly the 

wrong way. If the pictures were taken at the rate of 20 per second, 
and during the twentieth of a second each spoke has moved into the 
position occupied by the previous one, they appear to be at rest. If 
they have not moved quite so far, the eye naturally fuses the two 
pictures ; hence the phenomenon in question. 

Determination of Frequency by Lissajous’ Figures.—It has already 
been stated that when two S.H.M.’s, the periods of wliich are in the 



Fio. 240.—Arrangement for combining S.H.M.*s at right angles. 

ratio or nearly in the ratio of two simple whole numbers to one another, 
are combined at right angles, they give characteristic curves. If a 
mirror is fixed to the prong of a tuning-fork, when the fork sounds. 
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the mirror vibrates, and if a ray of light is reflected by the mirror and 
received on a screen, instead of giving a spot as image, it gives a line. 
Owing to the vibration of the mirror, the image executes an S.H.M. 
up and down a line, but as the movement is too fast for the eye to follow 
it, the S.H.M. is seen as a line of light. 

Let us suppose now we have two forks at right angles to each other, 
as shown in Fig. 246, each with a mirror fixed to one of its prongs] 
and that a ray of light is reflected by both forks. If A alone were 
sounding, the image would execute an S.H.M. along aa' and the line 
aa' would be produced on the screen. If B alone were sounding, the 
image would execute an S.H.M. along and the line bb' would appear 
on the screen. If the two forks sound together, these motions combine 
into a curve. If the periods are commensurable, the form of the curve 
remains stationary, but if they are not quite commensurable, it passes 
through a series of changes and then back to its original form. As has 
been mentioned on p. 251, by measuring the time required for the 
curve to pass througlk the cycle of changes we can determine the ratio 
of the periods with great accuracy. Hence, if the one period is known, 
the other can be calculated. 

What makes the method of special value is the fact that the periods 
of the forks of a series should be to one another in the ratio of simple 
whole numbers. 

Beats.—If two tuning-forks of nearly the same frequency are 
sounded together, we do not get unison, but throbbing or 

C ulsating bursts of sound with intervals of comparative silence 
etween them. The bursts of sound are called beats, and the 
two notes are said to beat or give beats. The number of beats 
per second can be counted with a stop-watch, if not more than 
four per second. • 

The phenomenon may be thus explained. Let m and n be the 
frequencies of the two forks, n being greater than m. The wave 
trains superimpose at the ear of the observer. , Starting from the 
instant when a condensation in the one train coincides with a 
condensation in the other, the one train gradually falls behind 
the other, until there is a difference of half a period, the waves 
oppose one another, and the sound is a minimum ; then the 
difference increases to a period, two condensations coincide again, 
and we have a maximum of sound. Since the one train gains 
■)i — rn periods on the other per second, the condensations obviously 
coincide n—m times per second. Each coincidence gives a beat. 
There are thus n —m beats per second. The process is shown 
graphically in Fig. 222. 

Of a pair of forks intended to give the same frequency one 
may be far enough out to give beats with the* other. If their 
frequencies are too close to give beats, one may be made to vibrate 
more slowly by fixing a rider to one of its prongs. The frequency 
of the beats may then be altered by adjusting the position of the 
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rider. If two forks are already giving beats, and we weight the 
prongs of the fork which has the smaller frequency with small 
pieces of wax, the frequency of the beats is increased. When two 
forks are giving beats, this affords a means of finding which has 
the lower frequency. 

interval between Two Notes. Musical Scale.— When two 

notes have the same pitch, they are said to be in unison. When 
they have not the same pitch, the ratio of their frequencies is called 
the interval between them. Thus, if the frequencies of two notes 
are 256 and 192, their interval is ^ frequencies 

are 512 and 384, the interval is The ear is able to estimate 

the interval between two notes. Certain intervals have names ; 
thus 2 is the octave, | the fifth, § the fourth, f the major third, 
I the minor third. 

Now it is found that when the interval between two notes is 
represented by a simple ratio such as 2 to 1, 3 to 2, etc., the notes 
produce a pleasant sensation when sounded, either one after the 
other, or together. Consequently the earliest musical instru¬ 
ments were tuned so that their intervals were simple ratios. The 
ancient Greeks had several scales, one of which appears to have 
developed into our modern scales during the Middle Ages, as a 
result of the requirements of harmony. 



c 


e 

/ 

g 

a 

b 


do 

re 

mi 

fa 

so 

la 

si 

do 

24 

27 

30 

32 

80 

40 

45 

48 


The riftes of the major diatonic scale are shown above, first 
in musical notation in the treble clef for the octave starting on 
middle c, then their names are given, and finally their names on 
the sol-fa notation. The row of numbers beneath should be 


memorised, as it gives the easiest way of finding the interval 
between two notes. Thus the interval between g and c is §3=5, 
a fifth, and between c' and g is |^=|, a fourth. The intervals 
between consecutive notes of the scale are |, |, ; 

of these | is called a major tone, a minor tone, and a diatonic 
semitone. The note from which the scale starts is called the 


tonic. 


The combination of three notes with the frequency ratios, 
4, 5, 6, is called the major chord, and produces a very pleasing 
effect when sounded together. The major diatonic scale contains 
three major chords: c, e, g; f a, c'; g, b, d’. This fact doubtless 
played an important role in fixing the scale. 
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Standard middle c forks used in physical laboratories all have 
the frequency 256. The octaves above the one represented on the 
preceding page are denoted in order by the indices and 

the octaves below by capital letters and capital letters with suffixes 
I, ij. Thus we have the series Cu, Q, C, c, c**, for the 

notes with the frequencies 32, 64, 128, 256, 512, 1024, 2048, 4096. 

Equally Tempered Scale. —In the piano and other instru¬ 
ments with fixed notes, if the frequencies of the notes were pro¬ 
portional to the numbers on p. 269, it would be possible to play 
music only in one key. For example, if g were taken as do, the 
interval between it and the next note above it is f§=\-t whereas 
the interval between do and re should be Hence such 

instruments are tuned, not according to the natural scale, but 
according to the equally tempered scale, which represents a 
compromise between all possible keynotes. On this scale the 
frequencies of the notes are in the following ratio : 

c d e f g a b c' 

1 2* 2^^ 2^ 2 ^ 2A 2li 2 


Thus on the equally tempered scale a major tone is 2* and a 
semitone 2''», If the frequency of c is 256, the frequencies of the 
notes on the two scales are as follows : 



c 

d 

e 

1 

/ 

1 

1 8 

1 

1 

a 

b 

! c' 

i_ 

Natural Scale 
Tempered Scale 

250 

256 

1 

' 288 
i 287-4 

! 820 * 
322-5 

1 1 

' 34li 

341-7 ! 

j 1 

884 

883-6 

1 1 

4265 

430-5 

\ 

480 

483-3 

512 

512 


Example.— If the frequency of c is 274 (concert pitch),'*Svhat are 
the frequencies of /, /J, b, and e\f on the equally tempered scale ? /If 
reads / sharp and is a semitone higher than /, «[> reads e flat and is a 
semitone lower than e. 

/ =274 x2’^ =305-8 
=274 X 2*^ =387-6 
b =274 x2'*=517-2 
eb =274 x2«V = 323-8 

Doppler Effect.—If an observer is standing by the side of a 
railway line, and an engine passes at a high speed sounding its 
whistle, the pitch of the wliistle appears to fall suddenly at the 
moment of passing. This apparent change of pitch is referred to 
as the Doppler effect. 

It can be explained very simply from the accompanying 
diagram (Fig. 247). Let V be the velocity of the sound, v the 
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velocity of the engine, n the frequency of the whistle, and let the 
circles give positions of successive sound waves all drawn for 
the same time. The circles are not concentric ; their centres 
are displaced in the direction of motion of the engine. In one 
second n waves are emitted, 
but these are crowded to- 

gether into a distance V —v ^- 

in front of the engine instead / 

of being spread over a dis- / / ^'\\\ 

tance V. Consequently the III \\ i 

wave-length is diminished, • - I - 1 -r—* v*" y j 1 I 

and to any one in front of \ \ V y J / 

the engine the pitch appears \ _ J 

to be \. _/ y 

nV ^ 

V—u 

Fio. 247. 

Similarly in the space be¬ 
hind the engine we have n waves spread over a distance V -f-o 
instead of over a distance V. The wave-length is consequently 
increased, and the pitch appears to be 

nV 

VH-u 

Hence the change of pitch, as the whistle passes, corresponds to 
an interval 

V-hw 
V—» 

If the whistle is stationary, and the observer approaches it 
with velocity v, in one second he meets the waves which occupy 
a distance V -{-v. Consequently the apparent pitch is 

n(V -1-y) 

V 

After he passes the whistle, he is overtaken in one second by the 
waves which occupy a distance V — v. Consequently the apparent 
pitch is 

n(V — v) 

V 


ExA>rPLES IH 

1. A siren is tuned to unison with a fork of frequency 256, and kept 
In unison for 7-2 seconds. If the disc has 18 holes, what number of 
revolutions should the speed counter record for this time ? 

2. A disc which Is provided with 36 holes arranged at equal distances 
from one another on a eircle concentric with its edge is rotated rapidly’ 
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about an axis which passes perpendicularly through its centre. A jet 
of air from a bellows is directed against the holes, and the note produced 
IS found to be in unison with a fork of frequency 320. How manv 
revolutions does the disc make per second ? 

3* A bristle is attached to one of the prongs of a tuning-fork, and 
the fork IS sounded. A smoked glass plate is held vertically so that 
the bristle rests against it, and then allowed to fall under the action of 
gravity. The bristle traces a wavy line upon it. Show that if N is 
the number of waves marked in a distance d, the frequency of the fork 
is N/v2d7g. 

4. Two tuning-forks make 4 beats per second. The frequency of 
one is 320. When a prong of the other is weighted with a small piece 
of wax which reduces its frequency, the number of beats per second 
IS mcreased. \Vh&t was its original frequency ? 

5. There are seven octaves on an ordinary piano, the lowest note 
bemg Am and the highest a‘“. Calculate their frequencies, eiven that 
the frequency of c is 261, 

6. ^Vhat are the wave-lengths of these two notes ? Take 
the velocity of sound as 340 metres/sec. 

7. Given that the frequency of c is 261 (international pitch), 
calculate the frequencies of g, 6, c\ both on the natural and equaUv 
tempered scales. 

8. An engine is standing in a siding blowing a whistle, which has 
a frequency of 600. A train passes at 60 miles per hour. What does 
the frequency of the whistle appear to be to the passengers in the train, 
before and after passing ? 

9. The frequency of the whistle of an engine is 500. It passes an 
observer at the side of the raOway at 60 miles per hour. What is the 
apparent frequency of the whistle before and after passing ? 

10. An observer is standing by the side of a railway when a train 
passes with the engine sounding its whistle. As the engine passes, 
the pitch of the whistle appears to drop a minor third (|). What is the 
speed of the train in miles per hour ? 


CHAPTER IV 


VIBBATIONS OF STRINGS AND COLUMNS OF AIR 

Vibrating Strings. —If a violin string is bowed or a piano wire 
struck by the hammer, it is set into vibration, and a musical note 
is heard. Such a refined arrangement, however, is not necessary ; 
even an elastic band stretched round the legs of a stool gives a 
note when plucked. 

Fig. 248 represents a piece of apparatus known as the monO’ 


O A C B 



chord or sonometer, used for investigating the notes emitted 
by a stretched string or wire. The wire, usually a piano wire, 
is attached to a peg at D, passes over the fixed bridge at D, the 
movable bridge at A, the fixed bridge at B, and then over the 
pulley. Its end carries a pan of weights to give it the necessary 
tension. The bridges are simply wedge-shaped pieces of wood. 
They are mounted on a wooden box which acts as resonator, and 
increases the intensity of the note. In some forms of the apparatus, 
instead of using a pan and weights the wire is attached to a spring 
balance which is stretched by a winch. Sometimes the box is 
mounted vertically, in which case the pulley is unnecessary. It is 
the part AB of the wire that is experimented on ; there is a wooden 
scale below it for measuring its length. 

Let us suppose, first, that the stretching force is kept constant, 
and that a series of tuning-forks is taken and the length of AB 
adjusted, so that when it is plucked at C it is in unison in succes¬ 
sion with each of the forks. It is found in this case that the 
frequency of the fork, n, is : 

(i) Inversely proportional to the Ungth of the wire, t, 

278 
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Let us suppose next that I, the length of AB, is kept constant, 
and that T, the stretching force in the wire measured in dynes, 
is varied, so that when the wire is plucked it is again in unison 
with each of the forks. It is found in this case that n is: 

(ii) Directly proportional to the square root of the stretching force, T. 

Again, keep the length of AB constant and the stretching force 

constant, but change the wire. It is found in this case that n 
is independent of the material of the wire, but 

(iii) Inversely proportional to the square root of m, the mass of 
the wire per unit length. 

These results may be combined in the statement that n varies 
as \/Tlly/m. It may be shown experimentally that the constant 
of proportionality is Hence 



It was found by Pythagoras (572-492 b.c.) that when a stretched 
string was plucked to give a certain note, and when the length of the 
vibrating portion was diminished to one-half and then the string was 
plucked again, the stretching force being kept constant, the string gave 
out a note an octave Jiigher. If the length of the string was diminished 
to two-thirds, it gave out a note one-fifth higher, and if it was diminished 
to three-quarters of the original length, it gave out a note one-fourth 
liigher; and so on. When the stretching force is constant the lengths 
corresponding to the different notes of the octave bear simple relations 
to one another. 

This is one of the oldest discoveries in physics ; it inspired a great 
quantity of semi-mystical thinking from the time of the music of 
the spheres down to Kepler, the contemporary of Galileo. 

Harmonics ol a Stretched String, —Let us consider the 
stretched string from another standpoint. It may be shown that 
the velocity of a transverse wave in such a string is given by 



Two transverse waves in opposite directions produce stationary 
waves, the distance between successive nodes being When 

stationary waves are produced in a stretched string, the ends must 
be nodes, since they cannot move up or down. Hence the string 
must vibrate, as shown in Fig. 249, between the positions indicated 
by the full and dotted lines. 

Since the curvature is small, the length I along the curve may 
be assumed to be the same as the length along the chord. 
Obviously in the case of {a) the wave-length A=2Z, in the case of 
(h) it is §1, in the case of (c) it is §1, and it is clear that by inserting 
8, 4, 5, etc., nodes between the ends of the string we would obtain 
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the wave-lengths |Z, f/, etc. Now V=«A = 'N/(T/m). Con¬ 

sequently the frequencies of the note emitted by the string should 

be given by _ _ 

1 /T 2 /T 3 /T . 

m' m' 2iV 

The first of these notes (Fig. 249 {a)) is that obtained by pluck¬ 
ing the string at its midpoint. It is called the fundamental. 

If, however, the wire is plucked with _ 

on© hand at a quarter of its length A-*—,.._'_ 

from the end, and then touched for "(a} 

an instant lightly and almost simul- 
taneously at its midpoint by a finger A<r 
of the other hand, the note an octave ’ 

higher than the fundamental, given by ___ 

the second formula, is distinctly heard. 

This is called the first harmonic. (g) 

Touching the wire at its midpoint has pio. 249. —Harmonics of r 
produced the node at G (Fig. 249 (b)). stretched string. 

In the same way, if the wire is plucked 

at a point ^ of its length from one end, and then touched at a 
point H (Fig. 249 (c)), ^ of its length from the end, it emits a note 
of the frequency given by the third formula above, i.e, an octave 
plus a fifth above the fundamental. This is called the second 
harmonic. In the same way by plucking the wire at a loop and 
damping it at a node we can produce the harmonics the fre¬ 
quencies of which are given by the other members of tlie series. 

The harmonics of a string are sometimes referred to as its 
overtones or upper partials. The emission of overtones is not 
peculiar to strings, but is shared by organ pipes, bells, etc. But 
in the case of bells the frequencies of the overtones arc not exact 
multiples of the frequency of the fundamental. It is only when 
the frequencies of the overtones are exact multiples of thefrequcncy 
of the fundamental that they are referred to as harmonics of the 
latter. 

If the wire is plucked at a point one-quarter of its length from 
one end, without being touched at the middle, the note most 
distinctly heard is the fundamental ; if now the wire is touched 
for an instant at the middle, the intensity is diminished, and the 
note most distinctly heard is the first harmonic. The latter had 
been present from the beginning, but was not audible until the 
fundamental had been damped down. This and similar experi¬ 
ments lead to the following conclusion ; 

In general when a wire is plucked^ the note emitted consists both 
of fundamental and overtones^ the degree in xvhich each is present 
depending on the manner in which the wire is plucked. 
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Timbre. —The musical quality or timbre of a note depends 
on the degree in which the different overtones are present. The 
note of a tuning-fork is pure, giving only the fundamental, 
especially if fitted on a resonance box. If the harmonics of a 
wire are few and weak, the note is soft and mellow; if they are 
strong up to the fifth, the note is richer ; the presence of harmonics 
above the sixth produces a sharp metallic quality. A piano string 
is struck at a point one-seventh of its length from one end, in 
order to eliminate all harmonics above the sixth. A trained ear 
can detect the presence of harmonics in a note. 


Examfib. —What is the frequency of the fundamental note of a 
wire 50 cm. in length, which is stretched by a force of 15 kilograms ? 
A metre of the wire weighs 2-69 grm. 


V = VT/ms* Vl6,000 X 981/0 0269 
=233*9 metres/sec. 


^ 23,890 

Frequency = =233-9 


Pr oof of Formula for the Velocity. —We shall now prove the formula 

V = \/T/7n. The proof is somewhat difficult, and may be omitted at a 
first reading. 

Let us suppose (Fig. 250) that T is the stretching force and m the 

mass per unit length of the string, 
and let a solitary wave be travelling 
from left to right with velocity V. 
Consider the motion of the element 
PQ ; let its length be s. Let and 
$2 be the angles which the tangents 
at P and Q make with the undis¬ 
turbed direction of the wire. The 
Fig. 250. upward component of the stretch¬ 

ing force at P is T sin 0^ and the 
downward component at Q is T sin The resultant downward force 
is consequently 

Tsin 0,—Tsin 0i=T(^, —^,) 
since the angles are small. 

Let a be the downward acceleration of the element. Then its 
rate of change of momentum is msa. Let the radius of curvature CP 
of the wave at P be denoted by r. Then s=T(tf, — ^i). Now 

msa^T(02 — 9i) 

Substitute for s and this becomes 

wira=T 

In order to find a suppose the whole diagram to move from right to 
left with uniform velocity V. The acceleration is unaltered, since the 
velocity is uniform. The wave is now stationary, but the element is 
moving round the curve with velocity V- Its downward acceleration 
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Is This must be equal to a, and on substituting it for a we obtain 

the desired result, V = VT/m. 

Melde’s Experiment.—This is an interesting experiment on the 
‘vibrations of strings. One end of a thread about a yai^ long is fastened 
to-a prong of a tuning-fork, and the other passes over a glass rod, and 
carries a scale pan. The weights in the pan are adjusted so that the 
frequency of the fork is twice the frequency of the fimdamental note 
of the thread. 

If the fork is held as in Fig. 251, when the prong moves to the left 
the thread sags, and when it moves to the right the thread tightens. 
When the prong moves towards the left again the inertia of the string 
carries it into the upper position. The stretching force has been 
adjusted to make it arrive there just when the prong is turning. Hence 
the thread vibrates in its fundamental mode as shown, the frequency 
of the fork being twice the frequency of the thread. 



Fio. 251. Pio. 252. 


If the fork is held as in Fig. 252, when the prong moves up, the 
thread moves up, and when the prong moves down, the thread moves 
down. Hence in this case the frequency of the fork is equal to the 
frequency of the thread, there is a node at the midpoint of the thread, 
and the latter vibrates in its first harmonic. 

Resonance.—Let us suppose we have a simple pendulum 
suspended by a thread about a yard long, and that the bob is 
at rest. Take a piece of notepaper folded into a strip 6 inches 
long by 1 inch wide ; hold the paper by the end, and try to deflect 
the bob of the pendulum by bringing the side of the strip against 
it and pushing steadily. Owing to the bending of the paper the 
utmost deflection that can be obtained is probably about a 
quarter of an inch. If, however, the pendulum is tapped re¬ 
peatedly in one direction with the strip of paper, the taps being 
delivered when the bob is at the middle of its swing going in 
that direction, then the oscillations may become quite large, 
3 or 4 inches on each side of the vertical. 

The force applied is no greater than before. The paper still 
bends. But the experiment shows that by timing a weak force 
so as to make it synchronise with the natural period of a system, 
large vibrations may be obtained. If the taps are not quite in 
time with the swings, oscillations are produced, but these oscilla¬ 
tions are not so large as when the synchronisation is perfect. 

The phenomenon is referred to as resonance, and it plays a 
large r61e in physics. We have had an example of it in Melde’s 




278 


SOtJND 


experiment just described. In the first case the fundamental, 
and in the second case the first harmonic, is in resonance with 
the fork. Soldiers are commanded to break step when crossing 
a suspension bridge, otherwise the bridge might oscillate danger¬ 
ously in resonance with the rhythm of their feet. Resonance 
may be demonstrated very simply by the following experiment: 

Let two mounted tuning-forks of the same frequency be placed 
together with the open ends of their resonators facing each other. 
Strike the one fork, and then stop its vibrations with the hand. 
The other fork will be heard sounding. But if the frequency 
of the second fork is altered by attaching a rider to the end of 
one of its prongs, when the first fork is damped, the second fork 
is dumb. 

Vibrating Air Columns. —We shall now consider the formation 
of stationary sound waves in tubes or pipes of constant cross- 
section. Such waves are formed by the superposition of pro¬ 
gressive waves in opposite directions, and it was shown on p. 247 
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that at the nodes the air particles are at rest, but there is a 
maximum change of density and pressure there, while at the loops 
the displacement of the air particles is a maximum, first in the 
one direction and then in the other, but there is neither change of 
pressure nor of density. If the end of the tube is closed, since 
the air particles cannot move into the closed end, the latter is a 
node. If the end of the tube is open, there can be no change of 
density there, because any excess of density equalises itself over 
the outside atmosphere ; lienee in this case the end is a loop. 

Fig. 253 represents the case of a tube closed at one end. 
Let I be its length. Then it is clear that in (a) where the tube 
is sounding its fundamental, A=4^, and that in (6) and (c) where 
it is sounding harmonics, X=^l and The other possible wave¬ 
lengths are obviously given by etc. 

Fig. 254 represents the case of a tube open at both ends. 
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Let I be the length as before. Then it is clear that in the funda¬ 
mental mode (a) A=2^, and that in the harmonics (6) and (c) 
A=Z and \l. The other possible wave-lengths are given by 
\ly etc. In this case all the multiples of the fundamental fre¬ 
quency occur, but in the former case only the odd multiples. 

If the tube is closed at both ends, the wave-lengths are the 
same as when it is open at both ends. 

Velocity of Sound by Resonance.— Fig. 255 represents a 
simple method of determining the velocity of sound based on the 
properties of vibrating air columns. A cylindrical glass tube is 
held in a vertical position with its lower end dipping into a vessel 
containing water, and a tuning-fork of frequency n is caused to 
sound above the upper end of the tube with its plane vertical. 
The tube is then lowered into the water, so as gradually to diminish 
the length AB of the enclosed air column. For one 
position the air column resounds loudly to the note 
of the fork; if the tube is long enough, it may 
resound faintly to the fork in other positions. These 
positions are determined as accurately as possible, 
and the lengtVi I of the air column measured for each. 

In each of these positions the air column is set into 
vibration by the regularly recurring blows which the 
fork delivers against the air above it. 

Let us suppose that at a certain instant the lower 
prong of the fork is moving downwards. This causes 
a wave of compression to move down the tube. The 
wave is reflected by the water at the foot and travels 
up again, the interval of time for the passage down 
and up the tube being 2lf\. If this interval is exactly 
equal to an odd number of half periods, the reflected 
wave superimposes on the wave of compression proiluced by 
the upward motion of the lower prong, the motion of fork and 
air column are in agreement, and the blows from the prong are 
coming at the right intervals. The condition for resonance is 
therefore 

I' =iT, IT, IT, etc. 

or V =4n^, V=^?, \ =±nl, etc. 

where T is the period of the fork. Thus when I is measured, V 
can be calculated. 

The first equation holds for the loudest resonance ; in this 
case the column is vibrating in its fundamental mode, and the 
length of the column is one-quarter of the wave-length. The 
other values of I are 3, 5, etc., times as long ; in these cases the 
column is vibrating in one of its harmonics. Under the usual 
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conditions of the experiment the tube is rarely long enough to 
give more than two positions of resonance. It is found in practice 
that the loop is situated a little above the upper end of the tube, 
and the equation V =4n(Z-|-0'4d) gives better values for the 
fundamental mode, d being the diameter of the tube. 

A tube open at both ends can be made to give resonance with 
a fork. In this case the length of tube which resounds best 
is half the wave-length. The experiment can be carried out by 
sliding one piece of thin tube inside another. 

The resonance box of a middle C fork has an internal length of 31 cm. 
Tlie wave-length of the note given by this fork at 16® C. is 132'9 cm. 
A quarter of this is 33'2, so allowing for the disturbing effect of the end, 
the fundamental of the air column enclosed by the box agrees with the 
note of the fork. 

If an unmounted fork is struck, and its stem held against a table 
or sounding board, the note becomes louder. In this case the surface 
of the table executes what are called forced oscillations in contra¬ 
distinction to the free oscillations of the air in the resonance box. The 
oscillations are forced because they do not coincide with a natural 
period of the table, and, for the same reason, they are not so loud. 

Example.— In determining the velocity of sound by resonance 
tuning-forks of frequencies 256, 820, 384, and 512 were used, and 
resonating lengths of 31*3, 23*3, 19*7 and 14*3 cm. were obtained. 
The diameter of tlie tube was 6*7 cm. Assume the correct value for 
the velocity of sound at 0® C., namely 331*3 metres/sec., and calculate 
the temperature at which the experiment was performed. 

VVe have 


n 

1 

A=4(l+0 4d) 

V 

256 

31*3 

130-0 

34,810 

820 

23*3 

104*0 

83,280 

384 

19*7 

89-6 

34,410 

512 

14-3 

68-0 

34,820 


Mean value of V=34,330 cm./sec. 

We have therefore 34,330=33,130^1 -|- 

120 t 

' = 20° C. 

Organ Pipes.—Fig. 256 represents an organ pipe which is open 
at the top. It can be sounded either by blowing it with the mouth 
or by a bellows. Fig. 257 shows a bellows of a type often used 
in experiments in sound. P is a pedal worked by the foot, S 
the bellows themselves, and D a leather reservoir into which the 
air is pumped ; the air escapes from the reservoir through the pipe 
E to the wind-chest C. In the top of this wind chest there are a 
number of holes closed by keys into which a siren or organ pipes 
can be fitted ; when the key is pressed the siren or organ pipe 
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Is sounded. Increased pressure can be obtained by forcing 
down T. 

Fig. 258 represents a section of the pipe shown in Fig. 256. 
The wind is supplied through t, and escapes through a narrow slot, 
opposite which there is a lip b. The air-jet impinging against the 
lip sets the air column inside the pipe vibrating. The pipe is 
fitted into the wind-chest by means of the foot P. The pipe 
behaves as if its lower end were open. Thus if I is the length of 


Fig. 250. 



Fio. 257.—Bellows for experiments on 

sound. 


the air column, and V the velocity of sound, the wave-lengths of 
the fundamental and overtones are respectively 2/, §/, U, etc., 
and their frequencies JV//, V/Z, fV/^, etc. In general the note 
emitted by the pipe is a complex one with the fundamental 
predominating. But if the strength of the air blast is increased, 
the first overtone predominates. 

The pitch of the pipe can be slightly lowered by partially 
closing the upper end, for example, by sliding a plate across it. 
1 his is an easy way of demonstrating beats, when we have two 
pipes of the same pitch. 

If the upper end of the organ pipe is closed, it becomes a node, 
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for the particles are prevented from vibrating there. The wave¬ 
lengths of the fundamental and overtones are then etc. 

Experiments with smoke show that, the jet of air passes 
alternately to the left and right of the lip b in Fig. 258, thus 
maintaining the oscillations. Instead of the lip b rtie pipe may 
be furnished with a thin plate of metal called a reed. The reed 
by its vibrations alternately opens and closes an aperture through 
which the wind passes, and the impulses derived from this 
intermittent supply of air set the column of air in the pipe into 
vibration. The pitch of the pipe is slightly modified by the action 
of the reed. The child’s trumpet is an example of a reed pipe. 

The pipe open at both ends is approximately realised in the case of 
the flute. In this instrument a cylindrical air column is set into vibra¬ 
tion by tlie performer blowing against the side of the mouth-hole. 
The air column extends from the mouth-hole to the hole that is open 
highest up the flute. This hole and the mouth-hole both act as loops. 



Fig. 259.—iManometric flame. 



Fio. 260.—Rotating mirror. 


Opening a hole is equivalent to cutting off the tube at that hole. For 
the lowest and middle octave the fingering is the same, but the shape 
of the lips and direction of the air blasts are different, the fundamental 
being obtained in the one case and the first overtone in the other. 
The principle of the penny whistle is the same as that of the flute. 

Manometric Flame. Rotating Mirror.—The positions of the nodes 
and loops in vibrating air columns can be determined by means of an 
arrangement due to Koenig, called the manometric flame. 

A hole is made in the side of the pipe AB (Fig. 259), and a thin sheet 
of indiarubber C stretched across it. A small wooden box encloses 
the rubber membrane. Ordinary coal gas enters at E and burns in 
a fine jet at F. If there is a node inside the tube at C, the pressure 
fluctuates rapidly. This forces the membrane in and out, and causes 
a variation in the pressure of the gas. When the pressure of the gas 
increases, the size of the ict increases, a.nd when the pressure of the 
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gas diminishes, the size of the jet decreases. The variation in the 
size of the jet takes place too rapidly 1o be viewed directly, and must 
be observed in a rotating mirror. 

The arrangement is shown in Fig. 200. Mirrors are mounted on the 
sides of a box which is rotated rapidly about a vertical axis by means 
of a handle and toothed wheels. Owing to the motion of the mirror 
the position of the image of the flame is always changing ; consequently 
when its size alters, the new image appears in a different places Thus 
the change can be detected, and we see something like Fig. 261. If 
we have two notes sounding together, the fundamental and its octave, 
the flame appears as in Fig. 202. Complex notes can be analysed 
into their constituent tones from the appearance of the flame. 

At a loop there are no fluctuations, and as the po.sition of the ex¬ 
ploratory hole is moved down 
tlie tube from a loop to a 
node, the fluctuations in¬ 
crease in magnitude. 

Singing Flame.—If a long 
glass tube is drawn out to a 
fine jet, connected to the gas 
pipe and lighted, and then 
puihed slowly up the middle 
of A glass tube two or tluee 
feet long which lias been 
mounted vertically, it is 
found that in a certain posi¬ 
tion a loud harsh note is 
given out. When the flame 
is examined in the rotating 
mirror, it is then seen to be 
fluctuating violently, and it 
has been shown that the 
sound is due, in the first j>lace, to oscillations arising in the tube 
supplying the jet ; these set up (oscillations in tlic air column. 

Kundt’s Tube.—A rod AB (Fig. 2GJ1) about a metre long is clamped 
at its middle, and carries at one end a light piston which fits into a 
glass tube, DC, of four or five centimetres diameter. The tube is closcii 
at the end D and a small quantity of lycopodium powder is scallered 
along it. If the right-hand half of the rod is grasped and pulled to- 



Kio. 2G:i. 


w;\r<ls R wdth a cloth which has been rubbed with resin, it is set into 
longitudinal vibrations with a node at one end anrl a at the other. 

If the frequency of the rod coincides w’ith one of tlie li< <piencics of 
the air in the glass tube, stationary waves ate set up in the hitter, 
and the lycopodium powder collects into a periodic arrangcincnt of 



Fto. 201. 



FlO. 2G2. 

luiuges of <lume iu rotating mirror. 
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heaps ; the figure shows these heaps 'from above. The wave-length 
inside the tube is consequently known, as it is twice the distance from 
one heap to the next. The explanation of why the powder collects in 
this way is difTicult and beyond the scope of this book. The experi¬ 
ment will not work unless the tube and powder arc clean and dry. 

The arrangement can be used for comparing the velocity of sound 
in different gases. The tube is filled with the one gas after the other, 
and the positions of the heaps, and hence the wave-length, determined 
in each case. Then, since the frequency is unaltered, the velocity is 
simply proportional to the wave-length. 

Vibrations of Rods and Plates.—Rods are capable of executing 
both transverse vibrations and longitudinal vibrations. An example 
of longitudinal vibrations is given by the rod used with Kundt’s tube. 
In this case there is a node at the clamp and loops at the free ends, and 
the wave-length is twice the length of the rod. In the case of transverse 
vibrations a clamped end is a node and a free end a loop, but there is 
no simple relation between the dimensions and the wave-length. The 
tuning-fork is, of course, an example of the transverse vibrations of rods. 

Plates also vibrate transversely. As in this case the waves travel 
in two dimensions, the number of overtones is much greater than in the 

case of a string or vibrating air 
column, and it is difficult to calcu¬ 
late the values of the frequencies. 
But the positions of the nodes them¬ 
selves can be obtained easily by ex¬ 
periment. The plate is supported 
in a horizontal plane, being screwed 
to a vertical pillar, and a violin bow 
is drawn across its edge to make 
it sound. Fine sand is scattered 
on the surface : when the plate 
vibrates, the sand gathers along the nodes, and we get figures such as 
are shown in Fig. 264. This diagram is for the case when the plate is 
screwed at its centre to the pillar. 

These figures are culled Chladni's figures after a German experi¬ 
menter who studied them in detail and demonstrated them with great 
skill towards the end of the eighteenth century. To make each figure 
appear the plate must be bowed at the appropriate loop and damped at 
the appropriate node. When this is done well, the experiment is a 
very striking one. 

Audition. —The external ear leads to an air passage closed at 
its end by a membrane called the drum. The air waves travel 
down this passage and set the drum into vibration. The auditory 
nerve terminates in a large number of fibres called Corti’s fibres. 
The manner in which sound travels from the drum to the nerve 
and thence to the brain belongs to physiology rather than to 
physics. 

If the frequency of a note lies below a certain limit, it is no 
longer heard as a continuous note, but only as separate impulses. 
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Helmholtz determined this limit to be about 80 per second. 
The measurement is difficult, because there is always the risk 
of an overtone being mistaken for the note itself. If the frequency 
of a note lies above 20,000 per second or thereabouts, the ear 
cannot hear it. It is difficult to assign these limits with accuracy, 
since they vary with age and the individual. 

The direction from which a sound comes can be estimated 
by the ear. The estimate is apparently based on the difference in 
intensity with which the sound is heard by the two ears and also 
on the difference in phase with which it arrives at the two ears— • 
precisely the method of sound ranging. 

The human voice is produced by two membranes called the 
vocal chords, stretched across the trachea. When air is forced 
between them, they are set into vibration. The pitch of the note 
is determined by the tension and thickness of the chords. The 
throat, mouth, and the cavities of the nose act as a resonating 
chamber. 


Glass 

Otaphrsg 


Phonograph. Gramophone. —In the phonograph devised by 
Kdison in 1876 for the purpose of recording and reproducing 
sounds, a wax cylinder is rotated by clockwork, and the words 
to be reproduced are spoken into a horn. The sound waves which 
constitute these words cause a thin glass disc at the end of the 
horn to vibrate, and the vibrations of the disc cause a chisel-shaped 
sapphire point to move up and down, cutting a groove of varying 
depth in the wax. To reproduce the sound a slightly different 
arrangement is fitted, consisting of a 
smooth sapphire point which passes 
along the indentation produced by 
the recording point. It sets a thin 
glass disc at the end of the horn into 
vibration, and the vibration of the 
glass disc sets up the sound waves 
in the air. 

In gramophone records the 
grooves have varying width, not 
varying depth. Thus in the gramo¬ 
phone the needle moves from side 
to side, not up and down like the 
sapphire point in the phonograph. 

Fig. 205 shows the construction 
of the gramophone reproducer. 

P, the needle point, is held by a screw S in the needle carrier N, 
which is attached at D to the centre of the .glass diaphragm. 
I he latter is held by the cover A against a rubber ring. The 
tube B is connected to the horn, which presses against the rubber 
ring C to make an air-tight joint. 
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Fio. 265.—Gramophone reprO' 
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Exampi^s IV 

1. A vibrating string gives the note e when stretched by a weight 
of 16 Jb. What weight must be used to give the note g ? The length 
of the string is kept unaltered. 

2. What is the stretching force in the e string of a violin which 
vibrates 640 times per second^ if the vibrating portion has a mass of 

gm. and a length of 33 cm. ? 

3. The internal length of the resonance box of a tuning-fork of 
frequency 320 is 24*7 cm. What is the frequency of the fundamental 
note of the box at 0° C. ? 

4. What length should a glass tube open at both ends have, in order 
that it may produce resonance when a tuning-fork of frequency 320 
is sounded near one end ? 

5. What percentage variation will take place in the frequency of a 
pipe organ if the temperature changes from 40° to 55° F. ? 

6. An organ pipe gives a certain note at 0° C. How much must 
the temperature rise for the pitch to go up one semitone ? 

7. In determining the velocity of sound by resonance tuning-forks 
of frequency 256, 320, 384, and 612 were used, and resonating lengths 
of 3105, 24*32, 20 0, and 14*20 cm. were obtained. The diameter of 
the tube was 6*5 cm., and the temperature at which the experiment 
was performed 17° C. Calculate the velocity of sound at 0° C. from 
the above data. 


PART IV 


LIGHT 

CHAPTER I 

SHADOWS. PHOTOMETRY 

Rectilinear Propagation. —Light travels in straight lines. This 
is obvious for many different reasons. We always assume that 
a body exists in the direction of the rays of light which enter our 
eye from it. Also if the shadow of a stick is cast on a wall by a 
candle flame, the flame, the top of the stick, and the shadow 
of the top of the stick are all in one straight line. Sometimes 
the sun’s rays are observed passing down through a hole in a 
cloud ; they are then seen to be straight. This is also the case 
with the rays entering a darkened room through a hole in the 
shutter. 



Figs. 266, 267. 268. 

The path of these last rays is rendered visible only by floating 
particles of dust. If chalk dust is shaken into the air, the visi¬ 
bility of the rays is increased, and if the air were wholly free from, 
dust, the rays would not be seen at all. 

A collection of adjacent rays is called a pencil. Fig. 266 
represents a pencil diverging from the point P, Fig. 267 a pencil 
converging to the point Q, and Fig. 268 a parallel pencil. The 
direction in which the light travels is indicated in each case by 
the arrow heads. 

Pinhole Camera. —If rays of light pass into a dark box through 
a small hole in the side, they form an inverted image of external 

280 



290 


LIGHT 


objects on the opposite side, as is shown In Fig. 269, where the 
front of the box is removed for the purpose of the diagram. If 
a photographic plate is placed to receive the image, a picture can 
be taken. The hole must be small, literally a pinhole, otherwise 
the image is indistinct. Consequently the image is very faint, 
and unless the object to be photographed is a bright one, like a 

candle flame, a very long 
exposure is necessary. The 
pinhole camera has, however, 
the advantage that no focus¬ 
sing is necessary. 

If a second hole is made 
near the first, another image 
of the flame is seen ; if the 
two overlap, the resultant picture will be blurred. A large hole 
may be regarded as a number of small holes close together, 
and this is the reason that it does not produce a clear picture. 
Suppose, for example, that the hole is triangular, then the images 
formed at a distance by the different parts of it coincide so 
nearly, that there is no loss of clearness, and the shape of the 
hole docs not affect the picture. !But if the rays are received 
by a screen close up to the hole, the pictures produced by the 
different parts of it are very small and do not overlap. So the 
patch of light on the screen has the same shape as the hole itself. 
That is, in the case in question, it is triangular. 

EIxperiment. —The easiest way to demonstrate the pinhole camera 
is to take a small wooden or cardboard box, remove one end, and replace 
it by a piece of ground glass. Suitable pieces of ground glass in various 
sizes can be obtained at any large photographic dealer’s. Then a 
small hole is bored in the middle of the opposite end. If the camera is 
pointed towards a window or an electric lamp, an image of the window 
frame or of the filament >vill be seen on the glass. The image will, 
of course, appear brighter if a dark cloth is held over the head to 
exclude stray light. 

Hxampue:.—T he lens of a camera has a diameter of half an inch, 
and is situated at a distance of 4 in. from the plate. It transmits 84 pet 
cent, of the light incident on it, and when the full aperture of the lens 
is used, the correct exposure under certain circumstances is sec. 
The lens is replaced by a pinhole of ^ in. diameter. Find the correct 
exposure under the same circumstances. 

The amount of light received varies as the area of the surface. 
The ratio of the areas is the ratio of the squares of the diameters : 

(i)* 

^.=900 

' CO' 

Hence, If the lens transmitted all the light that fell on it, the exposure 
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in the second case would be 900x^~18 sec. The correct exposure 
is, therefore, 18 X0*84=sl5-12 sec. 

Shadows. —If an opaque body, for example a sphere (Fig. 270, 
is placed to intercept some of the rays emitted by a luminous 
point S, the cone of light incident on the sphere is stopped, and 
the space beyond the sphere enclosed by the continuation of the 



cone is screened from the source. This space is called the shadow 
cone, and its intersection by the white screen at P gives the shadow 
cast on this screen. 

Suppose that instead of a point the source of light is a luminous 
sphere (Fig. 271). Then the shadow is divided into two parts. 
First of all there is the total shadow or umbra, represented in 
black, which receives no light whatever from the source and from 
all points in which no part of the source is visible. Second there 
is the partial shadow or penumbra, which is shaded in the diagram ; 
this receives light only from part of the source and from all points 
in it only part of the source is visible, the remainder being obscured 
by the opaque object. On the screen at P we have a uniform disc, 
the section of the umbra, surrounded by a zone, the section of 
the penumbra ; the latter is, how¬ 
ever, not one uniform shade as 
shown in the diagram, but gradu¬ 
ally diminishes in intensity from 
its inner to its outer edge. While 
the boundaries of umbra and 
penumbra are perfectly definite 
geometrically, they are not so 
optically. The relative sizes of umbra and penumbra depend 
on the sizes of source and object and on the relative position of 
source, object, and screen. The umbra may not reach tlie screen 
(c/. Fig. 272). 

Eclipses.—Eclipses of the sun are caused by the moon moving 
between the sun and the earth. They consequently take place when 



Fig. 272. 
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the njOon is new. The moon is not self-luminous, so it acts the part 
of the opaque spliere in Fig. 272. If a point of the earth's surface is 
within the umbra, then for this point the eclipse of the sun is total ; 
if it is within the penumbra, the eclipse of the sun Is partial, i.e, the 
moon obscures part of the sun's disc. The distances of sun and moon 
from the earth are such that the earth traverses the shadow near the 
end of the umbra. Consequently as the moon moves on, the umbra 
either traces out a narrow band of total darkness on the earth's surface, 
or does not reach the earth at all. 

Felipses of the moon arc caused by the earth getting between the 
sun and moon. They consequently occur at full moon. The earth’s 
shadow falls on the surface of the moon, and as the latter is visible 
only by reflected sunlight, those portions of it within the umbra are 
obscured ; during the eclipse we see the edge of the umbra moving across 
the surface. 

Eclipses of the sun and moon can be illustrated very easily by using 
an electric lamp with a diffusing globe to represent the sun, a 100-watt 
“ Fullolite,” for example, and white cardboard discs to represent the 
earth and moon. 

The Standard Candle. —The unit of intensity of a light source 
in this country is the standard candle, a spermaceti candle | in, 
in diameter, weighing six to the pound, and burning at the rate 
of 120 grains to the hour. 

The unit of light or lumen is the quantity that falls per second 
on a screen 1 sq. cm. in area held perpendicular to the rays coming 
from a point source of unit intensity, placed at a distance of 
1 cm. from the screen ; or more accurately, the quantity of light 
that falls per second on unit area of a sphere of 1 cm. radius 
drawn with such a source as centre. 

The illumination of a surface is the quantity of light received 
by it per sq. cm. per sec. It has nothing to do with the colour 
or reflecting power of the surface, just as rainfall is independent 
of the nature of the soil. The illumination of a surface is usually 
measured in metre-candles. If, for example, the illumination is 
5 metre-candles, the surface is as bright as if it were illuminated 
by 5 candles at a distance of 1 metre. The metre-candle is also 
called the lux. The names “lux’* and “lumen,” however, are 
not widely used. 

The Inverse Square Law. —Suppose a pyramidal wire frame¬ 
work, constructed as shown in Fig. 273, with equal edges AD, AE, 
AF, and AG and a square base DEFG of 3 cm. side. Divide AD 
into three equal parts by the points B and C, and through B and 
0 suppose planes drawn parallel to the base. By similar triangles 
these planes will be squares of 1 and 2 cm. side respectively, and 
the areas of the three planes will be 1, 4, and 9 sq. cm. Suppose 
that the vertex of the pyramid is placed at the flame, and that 
the three planes are transparent. Then the same quantity of 


SHADOWS. PHOTOMETRY 


293 

light that passes through the plane at B passes also through the 
planes at C and I>. Let this quantity of light be Q ; then the 



illumination of a piece of white paper placed to coincide in succes* 
sion with the planes at B, C, and D will be 

1 ’ 4’“"‘*9 

light units per sq. cm. per sec. 

Thus the illumination produced by a source of light varies 
inversely as the square of the distance from it. 

Inverse Square Law. Otherwise. —Suppose that a source of 
light is placed at S at the centre of a sphere of radius rj, and 
that it emits Q units of light per second. Let the illumination 
of the inside surface of the sphere be denoted by Ij. Then 

Q 


li = 


4777*12 


Suppose now that this sphere is removed, and the light falls on 
a concentric sphere of radius r 2 . Let the illumination of the inner 
surface of this sphere be denoted by I 2 . 

Then 

I - ^ 

I2 — 


. 47rr2^ 


Hence we have 


I 2 * Q 

i.e. the intensity of illumination at any 
point of a surface is inversely proportional 
to the square of the distance of that point 
from the source of light. 

The inverse square law enables us to compare the intensities 
of different sources and to measure the illumination of surfaces ; 
the instruments used for this purpose are known as photometers, 
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and the part of the subject dealing with it as photometry. The 
word “ photometer ” was first applied to the instrument by 
Rumford in a letter to the Royal Society in 1793. 

The Rutnford or Sha,dow Photometer. —This consists of a rod 
of the shape of a lead pencil, which is mounted vertically before 
a screen. Fig. 276 represents a plan of the arrangement. R is 
the rod, AC the screen, and Lj and L 2 the two sources, the 
intensities of which are to be compared. BC is the shadow of the 
rod formed by and AB the shadow of the rod formed by Lg 
on the screen. The distances of Li and L 2 from the screen are 
adjusted so as to make these shadows equally dark, and at the 
same time R is placed so that the shadows just touch at B. If 


Fig. 275. 

they overlap, or if there is a bright space between them, the com¬ 
parison of their intensities cannot be made so accurately. 

All parts of the screen outside the regions AB and BC are 
illuminated by both sources. The regions AB being in the 
shadow of L 2 is illuminated solely by L^, and the i;egion BC being 
in the shadow of is illuminated solely by L 2 . Consequently, 
if the shadows are equally intense, the illuminations produced 
by the two sources at B are equally great, and the intensities 
of the two sources are simply as the squares of their distances 
from B. Hence, if the intensity of the one source is known in 
terms of the standard candle, and the distances BLj and BL 2 are 
measured with a metre stick, the intensity of the other source 
can be determined. 

The screen should have a rough unglazed surface. One great 
advantage of the shadow photometer is that the accuracy of its 
results is not affected much by the presence of another source 
of light in the room. For this third source produces a shadow 
of its own on the screen, which can easily be recognised, and it is 
only necessary to take care that the edge of this third shadow 
does not fall on B. 

The Bunsen or Grease Spot Photometer. —This consists of a 

piece of white unglazed paper, in the middle of which a small 
portion has been rendered translucent by a drop of grease. It is 
placed between the two sources and in the same straight line •with 
them. It possesses the advantage of simplicity, but it is difficult 
to make a grease spot with a very sharp boundary, and, of course, 
it is impossible to detect slight inequalities in the illumination when 
the boundary is not sharp. As a substitute for the grease spot 
a disc of tissue paper may be used. The latter is made by placing 
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two sheets of paper on the top of one another and with a sharp 
knife cutting a star-shaped opening in both of them at the same 
time. The tissue paper is placed between them, and they are 
then stuck together with the stars accurately superimposed. 

The grease spot is translucent, and the surrounding paper is 
opaque. Consequently, if the distance of the photometer is 
adjusted so that the grease spot appears of the same brightness 
as the surrounding paper, the intensities of the two sources should 
be as the squares of their distances from the photometer. 

In practice, however, it is found that the grease spot seldom 
disappears for the one position, when viewed in succession from 
both sides of the screen. This is due to the light reflected by the 
white paper being scattered more than the light transmitted by 
the grease spot. Thus the more obliquely the surface is viewed, 
the darker appears the grease spot. Consequently, in working 
with the grease spot we set it so as to obtain the same relative 
intensity of the two areas when viewed from both sides ; or in 
other words, we adjust, not for disappearance, but for the same 
contrast effect. 

The Wedge Photometer. —The use of this photometer, which 
is sometimes called the Ritchie wedge, is shown in the adjoining 
Fig. 276. Si and S 2 are the sources. The wedge is arranged so 
that its faces make equal angles 
with the line joining S 1 S 2 . The 
faces are rough and reflect the 
incident light diffusely. The ob¬ 
server looks at the edge of the 

wedge from the side at E, and Fio. 27 g. 

adjusts the distances of the 
sources so that the two faces appear equally bright. The inten¬ 
sities of the sources are then as the squares of their distances 
from the edge. 

A scraped surface of plaster of Paris forms the best diffusing 
surface ; but instead of this a wooden wedge may be used, and 
a sliarply folded piece of unglazed paper placed over it and fastened 
at the back A with a drawing pin. The sharper the fold, the 
more accurately can the setting be made. I have also found it 
an advantage to have a sighting arrangement attached to the 
wedge, so as to make sure that the edge is viewed at right angles 
to the axis of the bench. 

The Trotter or Perforated Screen Photometer.—This instriinicc»t is 
probably the most accurate of all the simple photometers. It is repre¬ 
sented in sketch (Fig. 277) and in plan (Fig. 278). hight from the two 
sources to be compared falls on two screens in the directions indicated 
by the lines A and B, making an angle of 35° with the normals to the 
screens. \Miite Bristol board is an excellent material for the screens. 

L 
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The glaze must be removed with a damp cloth. A star-shaped opening 
is cut in the front screen with a sharp knife ; this opening shoiild not 
be more than J in. over all. The eye at sees the back screen through 
the hole in the front one, and if the latter is neatly cut, it is possible 
to arrange the distances of the lamps so that it disappears altogether. 




Fio. 277. Fig. 278. 

The Trotter photometer. 

Stray light affects the accuracy of this and the two previous photo¬ 
meters, making the source on the side from which it falls appear too 
intense. This error can be eliminated by interchanging the positions 
of the two sources and taking the mean of the results. 

Photometry.—Any of the photometers described in the 
preceding sections may be placed together with the light sources 
on the top of a table and the distances between them simply 
measured with metre sticks. But the results obtained in this 
way would not be accurate. The photometer and light sources 
are usually mounted on pieces which slide along a bar about 
8 metres long. This bar carries a scale on which the distances 
between the pieces can be read. The bar and the sliding pieces 
should be blackened to prevent their reflecting light to the photo¬ 
meter. The ceiling of tlie rooms and the walls, particularly the 
parts behind the light sources, should also be blackened. If this 
is not possible, the error due to stray light can be eliminated 
by mounting diaphragms with dead-black surfaces on the photo¬ 
meter bar in such positions tliat they transmit all the direct rays 
from the solirce to the photometer, but stop light reflected from 
the walls of the room. 

The inverse square law holds rigorously only for point sources, 
hence care must be taken that the distance between source and 
photometer is always large in comparison with the linear 
dimensions of the source. 

Generally speaking, in photometry an accuracy of 1 per cent, 
in the final result is very good, though under the most favourable 
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circumstances per cent, can be attained. But in fitting up 
a photometer and taking readingSufor the first time, the accuracy 
attained is always very much less than this. Some of the readings 
diverge widely from the mean, and the temptation to throw these 
away and use only the “ good readings ” is a very strong one. 
This should never be done. If a setting is made carelessly the 
numbers should not be read, but if they are read and noted down 
on paper, they should contribute their share to the final result; 
the “ bad readings ” keep the average straight. 

Example.—A 30 candle-power and an 8 candle-power lamp are at 
the same height 100 cm. apart. At what point on their line of centres 
do they give the same illumination ? 

Let the point be x cm. from the 8 candle-power lamp. Then 

8 30 

a!»~(100 —*)» 

This gives 22®* +1600® —80,000 =0 

the roots of which are 34*0 and —106*8. There are consequently two 
points fulfilling the required conditions, one 34*0 cm. from the 
8 candle-power lamp towards the other lamp, and the other 106*8 cm. 
from the 8 candle-power lamp away from the other lamp. 

Fraction of Light transmitted by a Glass Plate. —The fraction 

of light transmitted by a glass plate can be measured by any 
photometer. For let there be two lamps of A and B candle-power, 
and let balance be obtained when these are situated a and b cm. 
from the photometer respectively. Then 

A_B 

a2 62 

Let the glass plate be placed between the photometer and the 
lamp of candle-power A, and let f denote the fraction of the 
incident light it transmits. To restore balance the other lamp 
must be moved further away from the photometer. Let its new 
distance from the latter be c. Then 

a2 c2 

Dividing this equation by the preceding one. 



Example.—T wo lamps are balanced at distances of 50 and 70 cm. 
from a shadow photometer. A plate of glass is placed between the 
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stronger lamp and the screen, and it is found that the other lamp must 
^ moved 2*5 cm* away from th^ screen in order to restore balance. 
How much light is transmitted by the glass plate ? 

By formula 007 


Variation of the Illumination of a Surface with the Angle of 
Incidence of the Light* —The angle of incidence is the angle made 
by the incident rays with the normal to the surface. Let BC be 
a small rectangular screen on which a parallel pencil of rays is 
falling. Let PN be the normal to the mid-point of the screen, 
and let ^SPN=0. Let Q be the quantity of light received by 

the area BC per second. Then the illumination of the surface is 
given by 

area BC 


Let us suppose now that the screen is rotated about its mid-point 
P into a position at right angles to the rays. The quantity of 
light Q now falls upon the area B'C' and the illumination of the 
surface, which we shall now denote by lo, is given by 

I - Q 

® area B'C' 

1 Q/area BC 
ii”Q/area B'C' 

I=Io cos $ 


Hence 

or 


since area B'C'=area BC cos SPN=area BC cos 6. 


Experiments in Photometry.—It is an easy experiment to compare 

the intensities of two lamps or 
to determine the fraction of 
light transmitted through a 
glass plate. An optical labora¬ 
tory is not necessary j the 
measurements can be made in 
any dwelling-room at night. 
In determining the fraction of 
light transmitted by a plate, it 
is advisable to set up, if possible, three pieces together. The formula 
then becomes 



and, since the effect to be measured is greater, the result obtained is 
more accurat'. 

The candle-power of carbon filament lamps is usually marked on 
the bulb ; thus 250 16 means 250 volts 16 candle-power. In the case 
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of metal filament lamps it is generally the rate of consumption of 
energy that is given ; thus 250 40 means 250 volts 40 watts. But 
with such lamps the candle-power is about ^ of the watts, i.e. a 40-watl 
lamp gives 82 candle-power and a 20-watt lamp 16 candle-power. If 
a batch of new lamps which are described by the makers as having 
the same candle-power is taken and tested, it will be found that there 
is considerable variation between the individual lamps ; also the 
candle-power changes with the age of the lamp. But for rough work 
a lamp which has the average intensity of the group may be taken as 
a standard. 

The ordinary penny household candle, which has a length of about 

in. and a diameter of about in. and which burns about 8-6 grams 
per hour, gives, I have found, about l-l or 1-2 candle-power. It may 
also be used as a standard for rough work. 

The following are given as examples of experiments that may be 
performed in photometry :— 

To measure the Candle-power of a Lamp in Position.—By means of 
a piece of string measure the distance from the lamp to a point on the 
wall of the room. Pin a piece of white paper on the wall at this point. 
Turn out the other lights, if any, and holding a candle in one hand and 
a pencil in the other, adjust the distances so that the two shadows 
touch, and are equally dark. The light from the candle must fall on 
the paper at the same angle as the light from the lamp. Get a friend 
to measure the distance of the candle in the critical position. Then 
the intensities of lamp and candle are inversely as the squares of their 
distances from the paper. 

To measure the Illumination of the Surface of a Desk.—We shall 
suppose at first that there is only one lamp in the room, that it has 
32 candle-power, and that it is at a distance of 2 metres from the surface 
of the desk in a direction making an angle of 45'’ with the normal to 
the surface of the latter. Then the result may be obtained from the 
formula Iq cos Here Io=8 metre-candles, and $ 15 45*. Hence the 
result is 5-7 metre-candles. If there is more than one lamp, their 
effeets should be calculated separately and the results added. 

If there is only one lamp, the determination may be made experi¬ 
mentally with a candle flame and a pencil by arranging that the two 
shadows touch and are equally dark. Some dexterity is required, 
as the candle must be lilted for an instant so that the flame may be 
unobstructed, and if it is tilted for too long, its intensity will alter. 

From 10 to 40 metre-candles is supposed to be sufficient for office 
desks, schoolrooms, etc., though I think a desk lamp should give as 
much as 150 metre-candles on the desk. The illumination of an object 
in ordinary daylight is, roughly, 10,000 metre-candles. 

Test of a Pocket Flash Lamp.—These lamps have usually a bulb 
that takes 3*5 volts, and is run off three dry cells mounted in series 
which give, when fresh, about 4-5 volts. The cells, however, rapidly 
polarise, and their voltage falls off ; consequently the light given by 
the lamp diminishes. 

A pocket flash lamp fitted with a lens was directed towards a screen 
at a distance of 160 cm., which was placed to receive the rays at right 
angles, and a stick was set up to cast a shadow on the screen at the 
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point where the beam was brightest. A candle was arranged to cast 
an adjacent shadow’, and its distance adjusted at intervals of 12 min. 
to make the shadows equally dark. The lamp was, of course, kept 
running the whole time of the test. The following table gives the 
readings and results ; the first row gives the time, the second the dis¬ 
tance of the candle from the screen, and the third the intensity of the 
lamp in terms of the candle employed : 

0 12 24 86 48 60 72 min. 

70 84 100 116 130 140 170 cm. 

5-22 3-63 2*56 1*90 1*51 1*31 0’89candles 

Thus in 72 min. the candle-power of the lamp fell almost to one-sixth 
of its initial value. 

Illumination of Rooms.—The illumination given by a window can 
sometimes be measured by a w’edge photometer and a candle at the 
opposite side of the room. The candle has to be held close up to the 
wedge on the opposite side of it from the window. The difiiculty 
here is that the wall behind the candle reflects light from the window 
on to the same face of the wedge as the candle does. It may be neces¬ 
sary to hang a black cloth or piece of black paper on the wall to eliminate 
tliis error. In any case the results are never very accurate. But the 
illumination of a room varies so enormously from time to time that 
even rough results may have great value. 


BXAMPL.ES I 

1. In a pinhole camera the distance from the hole to the screen 
is 6 inches. The camera is pointed towards a tree 20 ft. high at a 
distance of 50 ft. and is on the same level as a point halfway up the 
tree. Find the height of the image. 

2. A circular uniform source of light, 10 cm. in diameter, is placed 
50 cm. in front of an opaque sphere 5 cm. in diameter. Find the 
distance .from the centre of the latter to the end of the umbra ; also 
find the diameter of the penumbra cast on a screen placed at this 
distance. 

8. If the light of the sun is admitted through a small hole, an 
image of the sun is formed on a screen placed to receive it, but if 
the aperture is a large one, we obtain an image of the aperture. Bxplain 
this. 

4. A stick is placed in front of a screen, and an electric glow-lamp 
and standard candle throw equaUy dark shadows of the stick on 
the screen. The candle and lamp are respectively 34 and 134 cm. 
from the screen. Find the candle-power of the lamp. 

5. How many candles are required to produce at a distance of 
420 cm. the same illumination as a single candle at a distance of 
60 cm. ? 

6. A 80 candle-power and a 16 candle-power electric glow-lamp 
are at the same height, 120 cm. apart. At what points on tiieir line 
of centres do they give the same illumination ? 
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7. The intensities of two glow-lamps are compared by the grease- 
spot photometer, and balance is obtained when the photometer is 
83 cm. from the one lamp and 53 cm. from the other. The lamps are 
then interchanged in their sockets, and balance is obtained when the 
distances are 50 and 77 cm. What is the ratio of the intensities of the 
lamps ? 

8. It is found that the light of the full moon falling perpendicu¬ 
larly on a screen gives the same illumination as a standard candle 
ftt a distance of 4 ft. Find the candle-power of the moon, given 
that its distance is 60 times the earth’s radius. The earth’s radius 
is 4000 miles. 

9. Two lamps are balanced at distances of 57 and 51 cm. from a 
wedge photometer. A large plate of clear glass, which transmits 
90 per cent, of the light incident on it, is then placed midway between 
the photometer and the stronger lamp. How much nearer must the 
latter be moved to restore balance ? 

10. A candle is just visible to the unaided eye on a clear dark 
night at a distance of 3*1 km. in the open. The diameter of the 
pupil is then 1 inch. At what distance should the candle be visible, 
when field glasses are used, the object glasses of which are f in. in 
diameter ? Assume that ^ of the light incident on the object glasses 
enters the eye, the remainder being lost inside the instrument. 

11. A small screen is held 4 ft. from a candle flame, in such a 
position that the light is incident on it normally. It is then removed 
to a distance of 8 ft. and turned, so that the light is incident on its 
surface at an angle of 45'”. To what fraction of its original value 
does the illumination of the screen diminish ? 

12. The shadow which causes an eclipse is, geometrically speaking, 
a solid cone with its axis in the line joining the centre of the sun and 
the shadow-casting body (cf. Fig. 272). If the sun is 93,000,000 miles 
from the earth, and subtends an angle of 32' at the earth, find how 
far the earth’s shadow extends from the centre of the earth. Find also 
the diameter of the earth’s shadow at the point where the moon crosses 
it. The distance of the moon is 60 times the earth’s radius. 

13. The angle subtended by the moon’s diameter at the earth is 31'. 
The time taken by the moon to go round the earth is 29 days 13 hours. 
Hence calculate its hourly motion in minutes of arc, and find, if an 
eclipse of the moon is central, how long it is total, and also what time 
elapses between the first and last contacts of the shadow on the moon’s 
disc. The penumbra is to be neglected altogether ; it does not affect 
the brightness of the moon's surface much. 
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REFLECTION 

Laws of Reflection. —When light falls on a piece of white paper, 
it is reflected in all directions. Such reflection is called diffuse 
reflection, and it takes place at all rough surfaces. The rays enter 
some distance into the paper before being reflected, and if the 
latter is coloured, are themselves coloured after reflection. A 
scraped surface of plaster of Paris forms an ideal diffuse reflector. 

When a narrow pencil of light is reflected from the polished 
surface of a transparent medium such as glass, diffuse reflection 
takes place to only a very small extent, and the reflected light 
comes off in one particular direction. It is then said to undergo 
regular reflection. The point where the incident ray of light 
strikes the surface is called the point of incidence, and if a normal 
is drawn to the surface at this point, the angle which the incident 
ray makes with it is called the angle of incidence, and the angle 
which the reflected ray makes with it is called the angle of 
reflection. 

The laws of reflection are as follows :— 

The incident ray^ the normal to the reflecting surface at the point 
of incidence^ and the reflected ray are all in the same plane. 

The angle of reflection is equal to the angle of incidence. 

Thus, in Fig. 280, if P is the point of incidence, MK the trace 
of the reflecting surface, NP the normal, AP the incident ray, and 

P13 the reflected ray, AP, PN, and 
PB are in the same plane, and 
Z.NPB = ^NPA. When the angle 
of incidence is zero, the ray is re¬ 
flected back on its path. 

The distinction between diffusely 
reflecting surfaces and regularly re¬ 
flecting surfaces cannot be drawn very 
sharply; both kinds of reflection may 
be present at the same time to a considerable extent. For ex¬ 
ample, in the case of a glazed tile light is reflected in all direc- 
tic::s, but there is a marked preponderance in the direction of 
regular reflection. It is diffusely reflected light that renders bodies 

8oa 
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<risible. A perfect mirror would be invisible ; we would see, not 
the surface, but the objects mirrored in the surface. 

Reversibility of the Ray. —If, in Fig. 280, BP is regarded as the 
incident ray, PA is the reflected ray. Thus Fig. 280 offers an 
example of what is known as the reversibility of the ray, a principle 
which may be stated as follows : If by any means light is able to 
travel from a source at A to a point B, then, if the source is placed. 
at B, light will travel back to the point A by the same path. 

Image of a Point. Real Image. Virtual Image. —Let MN 
be the section of a plane mirror perpendicular to the plane of the 
paper, and let P be a point source of light. Let PA be any ray 
from P to the mirror ; then, after reflection, it has the direction 
AC. Draw EA, the normal at A, 
draw PN perpendicular to MN, and 
produce CA and PN to meet at Q. 

In As APN and AQN we have 
AN common, AANP = AANQ both 
being right, and APAN=AQAN, 
since AEAN is right, and EA bisects 
ACAP. Hence the triangles are equal 
and PN=NQ. 

The point Q is flxed and quite 
independent of the direction of PA, 

If we draw another ray PB, BD its 
direction after reflection must also 
pass through Q. All rays diverging 
from P and striking the mirror ap¬ 
pear, therefore, to an eye at CD 

to diverge from Q. The point Q is thus said to be the image of P. 

Images may be either real or virtual. They are deflned as 
follows :— 

(1) When a pencil of rays diverging from a point is made to 
converge to a second point, that second point is called a real image 
of the first point. 

(2) When a pencil of rays diverging from a point is made to 
appear to diverge from a second point, that second point is ^called a 
virtual image of the first point. 

In Fig. 281 the point Q is a virtual image. The essential 
difference between a real image and a virtual image is that a real 
image can be received upon a screen and made visible ; a virtual 
image cannot. The images formed by a pinhole camera are 
real. 

ExAAn>x.E.—An observer stands 20 ft. from the shore of a lake, and 
sees the top of a mountain 2000 ft. high mirrored in the water at the 
lake’s edge. If his eyes are 7 ft. above the level of the water, what is 
the distance of the mountain ? 
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Let X ft. be the distance ftom the edge. Then by similar triangles 


X _20 
2000“ 7 


03=5714 ft. 


Image of a Line. —If instead of a luminous point we have a 
line object PR, an image is formed of every point of it as above, 

and these point images combine to 
form the line image QS as shown in 
Fig. 282. It will be noticed that 
the object is reversed by reflection, 
that right and left are interchanged. 
Consequently, if a piece of writing 
is held up to a mirror, its image is 
illegible ; if, however, it is blotted, 
and the blotting paper held up to 
the mirror, the writing, being re» 
versed twice, becomes legible again. 

For an image to be formed by 
reflection it is not necessary for the 
normals from the object or the eye 
to meet the reflecting surface itself. 
„ T ft- It is necessary only for the object 

Fia. 282.— Image of a line. , ^ i_ r*' j. c *.u -.i 

and eye to be in front of the plane 

of the reflecting surface and for the rays to meet the latter. 



Experiments on Reflection.—The best proof of the laws of reflection 
lies in the fact that their truth is assumed in measurements made 
with the spectrometer (p. 380) and sextant (p. 371), and that the 
assumption has never led to inaccurate results. They can, however, 
be proved very simply with a drawing-board, pins, and a rectangular 
glass slab. 

One face of the glass slab is used as reflecting surface. This face 
should be polislicd, should be about three-quarters of an inch high, 
and should stand at right angles to the surface of the drawing-board. 
The opposite face of the slab should be covered with black paint to 
obscure the image formed by internal reflection, which may be a source 
of error. 

Instead of the slab, we may employ a piece of thin mirror glass 
mounted on a wooden block. In this case the image is formed by 
reflection at the silvered surface on the back of the mirror, and the 
thickness of the mirror causes error ; this may be disregarded if the 
mirror is a thin one. The most suitable mirror to employ from the 
theoretical point of view would be one silvered on the front, but such 
mirrors tarnish, and are not made unless to a special order. 

Until about 1840 glass mirrors were backed with an amalgam of 
mercury and tin. This process has, however, been almost entirely 
superseded by the silver process. Silver is deposited on the glass 
from a solution ; when the surface is dry, it is brushed over with a dilute 
solution of mercury cyanide, and then coated with red lead. 



REFLECTION 


305 


(1) Fix a piece of paper on a drawing-board and draw any straight 
line MPK on it. Place the mirror in position so that it rests along MK, 
and stick two pins in front of it in positions such as Q and R. Look 
into the mirror from the right, using one eye, and R and Q will be seen 
by reflection in the direction PR' ; then place two pins, T and S, in 
line with the images of R and Q. Remove the mirror and join QR 
and ST j they should meet on the surface of the mirror at P. Draw 
the normal PN, and show with a pair of compasses in the manner 
indicated in the diagram, that Z.QPN = /.NPT. 

When the heads of the pins are in line, it can be shown that they 
lie in a plane perpendicular to the surface of the mirror. Thus the 
first law of reflection is proved. 




N 




(2) Draw a straight line MK, and set the mirror along this line. 
Place a pin, P, in front of the mirror and, looking into the mirror from 
the right and using one eye, place two pins, R and S, in line with the 
image of P. In the same way look into the mirror from the left, and 
place the pins T and U in line with the image of P. Remove the 
mirror, join TU and RS, and produce them to meet in Q ; Q is the image 
of P. Join PQ and show by trial that PQ is bisected by MK and is at 
right angles to MK. 


M 


(3) The experiments represented in Figs. 283 and 284 may be per¬ 
formed in a slightly different manner. Instead 

of sticking pins in the board at Q and R, as 
shown in Fig. 283, a line QR may be drawn on 
the paper. The edge of the ruler is then moved 
about the paper until it appears in line with the 
reflection of QR in the glass, and a pencil drawn 
along the edge of the ruler; thus the line ST is 
determined. Similarly, instead of sticking pins in 
the board at R, S, T, and U, as shown in Fig. 284, 
the position of the image at Q may be obtained 
by getting the edge of the ruler in line with it in 
two different positions. 

(4) Place a pin P in front of the mirror, and 
place a longer pin, Q. behind the mirror in line 
with P and the image of P. Then the upper part of the pin Q will be 
seen over the top of the mirror. Move the head from side to side ; 
If the long pin is not exactly at the image of P, there will be parallax. 


• P 

Fig. 2S5. 
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i.e. relative motion, between it and the image of P. The amount of 
parallax varies with the distance of Q from the position of the image, 
and by moving Q to or from the mirror, so that parallax disappears, 
the position of the image of P may be found. 

Rotation of a Plane Mirror, —If a ray of light falls on a mirror 
and the mirror is rotated through an angle, the reflected ray is 

turned through twice the angle turned 
through by the mirror. Let MN be 
the intersection by the paper of a 
plane mirror perp.endicular to the 
plane of the paper. Let PO be the 
incident ray, OQ the reflected ray, 
and OH the normal at the point of 
incidence. Let the mirror be rotated 
through an angle M'DAi about an axis 
through O perpendicular to the plane 
of the paper, and let OR and OG be 
the positions of the reflected ray and normal after the rotation. 
Then 

^M'OM = /.GOH = ^POH —ZPOG=iZPOQ 

-iZPOR =i(ZPOQ-ZPOR)-iZQOR 

But QOR is the angle turned through by the reflected ray ; this 
proves the theorem. It can easily be verified by pins on a 
drawing-board. 

Applications. —^The foregoing theorem is the principle of the 
sextant (p. 371); it is also employed in the measurement of 
small angles. Suppose, for example, it is desired to measure the 
rotation of a small magnetic needle. We might attach a long 
pointer to the needle, and arrange that the end of this pointer 
moves over a graduated scale. But the pointer would add to the 
weight of the needle, increase its resistance to motion, and so 
diminish the size of the angle turned through ; and if it were thin 
and light, it might bend. If, however, a ray of light is used as 
pointer, we get over these difficulties, for it has no weight and it 
does not bend. 

The ray of light may be used in either of two different methods. 
We may attach a mirror to the magnet and by its means reflect 
a pencil of light from a stationary lamp on to a translucent scale. 
When the mirror rotates, the ray rotates, and the light moves 
along the scale. This method is carried out in a darkened room. 

Or we may direct a telescope towards the mirror and focus 
it on the scale, as is shown in plan in Fig. 287. In this figure T is 
the telescope, SS the scale, and M the mirror; the latter is in 
a deflected position. Since the light rays from P are reflected 
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by the mirror to enter the telescope, the eye looking into the 
latter sees the scale reading at P in the centre of the field. If the 
mirror slowly rotates into a position at right angles to the 
of the telescope, the different numbers on the scale between P 
and T cross the centre of the field in succession, and from the scale 
reading at the centre of the field 
at any time the deflection at that 
time can be calculated. The 
above method is used in daylight. 

The distance TP measured 
along the scale in Fig. 287 is pro¬ 
portional to tan TMP, since TM 
is a fixed distance ; also /.TMP 
is twice the angle of deflection 
of the mirror. Hence TP is pro¬ 
portional to the tangent of twice 

the angle of deflection of the Fio. 287. 

mirror. But the angles worked 
with are usually so small that the tangent can be put equal to 
the angle itself in circular measure ; hence it is customary to 
take displacement on the scale as simply proportional to change 
of-angle itself. 

Example. —In Fig. 287 the distance of the scale from the mirror is 
1 metre, and P is initially 10 cm. from the point on the scale opposite 
the centre of the mirror. During a deflection it moves 20 cm. further 
away from this point. Find in radian measure the angle turned 
through by the mirror M : (i) approximately, (ii) accurately. 

(i) ^ 1000 Tad. 

(ii) i(tan-* ^-tan-» 42'-5** 43') 

»=0 0958 rad. 

Pepper*s Ghost.—At night, if the blinds are not pulled down, 
objects inside a room can be seen reflected in the window pane. The 
objects outside are then too dark to send rays through tlie pane to 
the eye. If the light is bad outside, we see outside objects with some 
of the brighter objects inside the room superimposed on them ; for 
example, the fire in the grate may be seen burning outside in the street. 
But in broad daylight the outside objects are so much brighter, and 
the rays they send to the eye so much more powerful, that the rays 
reflected by the pane from objects inside the room can be neglected in 
comparison with them, and only outside objects are seen. Thus the 
relative visibility of the objects reflected and the objects transmitted 
by a plate of glass is purely a question of lighting. 

It was by the use of a glass plate and alteration of the lighting, that 
the old illusion known as Pepper’s ghost was produced. Professor 
Pepper was an illusionist who travelled about the country exhibiting 
the ghost. The same arrangement is sometimes used on the stage 
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for producing ghosts at the present time. Fig. 288 is a plan showing 
how it is done in this case. FF are the footlights, BB the back of the 


B 


B 



Fig. 288.—Gxplaining 
Pepper’s ghost. 


stage and a very large glass plate. 


stage, and AF is a large plane sheet of 
glass which is placed vertical and at an 
angle of 45® with the line of vision of the 
spectators. S is a solitary spectator seated 
in the middle of the stalls. 6 is the actotr 
who is to fill the roU of ghost. He is so 
far to the side that S cannot see him 
directly, but only by refiection in the 
glass ; the rays of light from G to S traverse 
the path GCS, but appear to traverse the 
path G''CS. The background is dim, and 
the actor G is at first kept dark, but 
when his time comes, the arc light is turned 
on him, and he duly “ appears ” at G'. 
His image is, of course, transparent; bright 
parts of the background can be seen 
through it. The disadvantage of the 
arrangement is that it requires a deep 


Parallel Mirrors. —Let us suppose that a point source is placed 
between two mirrors A and B which have their faces turned 
towards one another, so that its distance from A is a and its 
distance from B is h. Then by reflection in A an image is formed 
at Ai- This image is in front of the mirror B, so acts itself 
as object, and by reflection in B an image is formed at Ag. By 
reflection again in A this in turn gives rise to an image at A 3 , 
and so on. Similarly by considering the reflection of P in B we 



get another infinite series of images Bi, B 2 , Bs, . . . There are 
thus two infinite series of images, but, of course, owing to the 
light getting fainter by successive reflection, it is only the first 
few of each series that are seen. Above each image in the diagram 
is given its distance from P. The diagram also shows the path 
taken to the eye by the pencil of rays which forms one of the 
images, A^. 
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Inclined Mirrors. —Let us consider first Fig. 290. P is a point 
source of light and OA is a mirror which has its reflecting surface 
turned towards P. In order to find the position of the image of 




Fio« 201«—Images formed by inclined 

mirrors. 

P draw a normal PN to the mirror, produce it behind the mirror, 
and mark off NAi=NP; Aj is the image. It may be shown 
that triangles PNO and A^NO are equal. Consequently, if the 
point O is taken as centre, and an arc described with OP as radius, 
it passes through Aj, and if the angle PON is denoted by a, the 
point and its image are each distant the same angle a from the 
surface of the mirror measured around the circle. 

In Fig. 291 AO and BO represent two mirrors with their 
reflecting surfaces turned towards one another, and P is an object 
placed between them. Draw a circle with O as centre and OP as 





FiO. 292.—Images formed by two inclined mirrors. 


radius, and let the angles AOP, BOP be respectively a and ^ in 
radian measure. According to the construction of Fig. 290, P 
forms an image Ai by reflection in OA, which is situated on the 
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dwle at an angular distance 2 ct fi-om P. Since Aj is in front of 
OB» it forms an image A 2 in it. This image is also on the circle 
and is at an angular distance of 2a+2)5 from P. Ag in turn forms 
^ image Ag in OA distant angle 4a+ 2 ^ from P. Ag is behind 
both mirrors, and consequently forms no more images. 

If we go back to P it forms an image in OB, which in its 
turn forms an image Bg in OA. The latter forms an image B. in 
OB, which forms an image B* in OA ; this image is behind both 
mirrors and consequently no further images are formed. There 
are seven images in all. Their angular distances are marked on 
the figure, and it will be seen that the differences are alternately 

equal to 2 a and 2)5. Aj. Bg, A 3 , and B 4 , 
it should be noted, are measured one 
way, Bi, A 2 , and B 3 the other way round 
the circle. 

Fig. 292 is an example of the effects 
that can be obtained with inclined 
mirrors. Fig. 293 shows how the rays 
reach the eye for the case of one of the 
four images, namely the second on the 
left. 

Bxamplb. —An object is placed between 
two mirrors OA and OB as in Fig. 291, the 
angles which OP makes with OA and OB 
being respectively denoted by a and 
Find the number of images formed. 

Constructing a figure similar to 291, but with angle o+)3 much 
smaller, we find that the angles PA„ PA^, PA*, . . . have the values 
2a, 2a+2^, 4a+2^, . . ., and consequently that PAan is 27»(o+i&), 
where ti is any integer. The number of images that can be formed 
in this way is limited, the last number of each series being that which 
is formed within the vertically opposite angle to AOB. 

If Ajn is the first image to fall within this angle, PA 2 „>»r—o, 
2n(a+)9)!>7r—a, and 



2n> 


IT 




Similarly, if A 2 n+i is the- first image to fall within the angle, 

2n(a+^)+2a>7r—/9, 2n(a+^) + a-i-/9>7r—a, (2n 4-l)(a4-^)>7r 




and 


2 n + l> 


TT 


a + ^ 


Hence in both cases the number of images in the series Aj, A^, Ag, 
is given by the integer next greater than 


7f 


0 +^ 


RBPLBOTION 


311 

SimHarly, the number in the series B|, B,, B,» ... is ^ven by the 
integer next greater than 

0+/S 

If aH-/8 is an exact sub-multiple of w, »r/(a+;8) is an integer, and b 
the integer next greater than either of the two expressions above ; 
hence it gives the number of images in each series. In this case the 
positions of the last image of each series coincide. For, suppose there 
are 2n images in each series, then 

PA + PB ^ = 2n( a + ^8) + 2n( a H-J9) = 4n( a 

But 2n = " , therefore 2n( a -j-^) = w 

a-\-p 

Hence PAj„-|-PB,„s=27r, and A^ and B,„ coincide. 

Again, if there are 2n-|-l images in each series, 

PA 2 n+l+PB 2 n+l = 2n(a+^)+2a-h2n(a-f)S)+2;8 = 2(2n + l)(o-t-j3) 
But 2n-{-ls—^ ; therefore (2n+l)(a-|-/3)sfr. 

, Hence PA 2 » + i+PB2n+i=2», and we have coincidence again. 

Kxpebimsnt.—T he positions of the images should be determined 
by the parallax method on the drawing-board, both for parallel mirrors 
and different positions of the inclined mirrors, and the results compared 
with those obtained by theory. 


Examples II 

1. On a moonlight night when the surface of the sea is covered with 
small ripples, instead of an image of the moon a band of light is seen 
on the surface extending in the direction of the moon. Explain in 
a diagram how this happens. 

2, If a man walks towards a mirror at 8 miles an hour, with what 
velocity does he approach his image ? 

8. The sun is 25® above the horizon. Its image is observed in a 
pool of water. What is the angle of incidence and reflection in this 
case ? 

4. ^ observer wishes to see the side of his head with the aid of 
two mirrors. Make a plan showing the course of the rays. 

5. A man who is 6 ft. high stands in front of a plane mirror which 
is hung vertically. The top of the mirror is 6 ft. from the ground. 
Determine its shortest length in order that the man may see his full- 
length image in it. 

6. Two plane mirrors are placed vertically upon a table. A ray 
of light is reflected by both mirrors in succession. Show that the angle 
though which it is deviated by the double reflection is equa.1 to twice 
the angle between the nurrors* 
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7. Light from a 16 candle-power lamp falls on a silvered mirror and 
is reflectea thence to a shadow photometer, all direct light from the 
lamp to the photometer being carefully screened off. The mirror 
reflects 90 per cent, of the incident light, and the length of the path 
of the rays from the lamp to the screen via the mirror is 120 cm. Where 
must an 8 candle-power lamp be placed to produce an equally dark 
shadow ? 

8. Two parallel mirrors are 10, ft. apart, and a candle is placed 
between them 7 ft. from one mirror. Find the distance between the 
third and fourth images seen in each mirror. 

9. Two mirrors are inclined to each other at 90®, and an object 
placed between them. Draw a diagram showing the positions of the 
images formed. 

10. Two mirrors are inclined to one another at an angle of 60®, 
and an object is placed between them. Draw a diagram showing the 
positions of all the images formed. Show how the rays reach the eye 
from the image formed in the angle vertically opposite that contained 
by the mirror. 

11. A ray of light starts from a point A, is reflected by a plane 
mirror at a point P, and arrives at a point B. Prove that APB is the 
shortest possible path from A to B by way of the mirror. 


CHAPTER III 
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Lavs of Refraction. —Let us suppose that a trough with parallel 
sides of glass is filled with water, and that a beam of parallel light 
AB from a projection lantern in a darkened room is incident on the 
surface of the water at B. By dusting chalk in the air the rays 
may be rendered visible, and it will be noticed that the surface 
of the water acts as a mirror, and that a reflected beam comes off 
in the direction BC, as required by the laws of reflection. At the 
same time a beam BD will be seen below the surface of the water. 
This beam is called the refracted beam, because on entering the 
water the rays are bent or refracted out of the direction AB into 
the direction BD ; it is rendered visible by the small particles 




floating in the water which scatter light out through the glass 
side of the trough to the eye, each particle acting as a separate 
source. If a piece of mifror glass is placed at the bottom of the 
trough at D, the refracted beam is reflected, and proceeds upwards 
to the surface of the water where it is refracted into the air. The 
beams EF and BC are parallel, and EF is brighter than BC. 

We obtain similar results with other liquids and with a glass 
slab. Whenever a narrow pencil of light (Fig. 295) falls on the 
surface of a transparent medium, it gives rise to two pencils, a 
reflected one and a refracted one. If the normal is produced 
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downwards into the transparent medium^ the angle which it makes 
with the refracted ray is called the angle of refraction. 

The laws of refraction are as follows :— 

Th^ refracted ray lies in the same 'plane as the normal and the 
incident ray^ and is on the opposite side of the normal from the 
iricident ray. 

The sine of the angle of incidence bears a constant ratio to the 
sine of the angle of refraction for all angles of incidence^ the valve 
of the ratio depending on the nature of the media in contact at the 
surface at which refraction takes place. 

Thus, in Fig. 295, if P is the point of incidence, MK the trace 
of the refracting surface, NP the normal and AP the incident 
ray, the refracted ray PC is in the same plane as AP and PN 
and sin NPA/sin LPC is constant, no matter what the value of 
NPA is. 

Write 

sin NPA 
sin LPC “ 

Then /x is said to be the index of refraction or refractive index of 

the lower medium with reference to the upper, or simply the index 
of refraction of the lower medium. For all transparent solids and 
liquids is greater than 1. Its value for water is 1*333 and for 
crown glass is about 1*52, but varies with the glass ; in approxi¬ 
mate calculations these values are usually taken as | and f. 

Wlien the angle of incidence is zero, AP and PB both coincide 
with NP, and PC coincides with PL. The ray is then undeviated 
by refraction. 

Experiment. —The best proof of the laws of refraction lies in the 
fact that they are assumed every time an index of refraction is deter¬ 
mined by the spectrometer (p. 880), and 
there never has been any reason to doubt 
their accuracy. They can, however, be 
proved very simply with a slab of glass on 
the drawing-board. 

Draw a straight line AP (Fig. 206), and 
place the slab in position, so that MIC and 
HJ are the traces of two of its parallel faces. 
Draw MK and HJ. Then, looking into the 
face HJ of the slab, set the edge of a ruler 
in line with AP as seen through the glass, 
and draw part of the line QR. Remove the 
slab, draw the normal NPS, produce RQ to 
meet the normal at S, and join PQ. The 
ray which wos incident along AP emerges 
along QR, and consequently follows the path PQ inside the slab. 
Thus Z.SPQ angle of refraction. 
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The ratio of the sines can now be determined in different ways* but 
perhaps the neatest is as follows : It is found from the drawing that SR 
is parallel to AP. Consequently Z.APN=Z.TSQ. Hence 

sin APN sin TSQ TQ/SQ PQ 
^ sin TPQ sinTPQ TQ/PQ“SQ 

No matter how Z.APN varies, the ratio PQ/SQ is always constant. 

Instead of drawing a line AP and sighting on it with the edge of 
a ruler, two pins may be set up in AP, and two pins set in line with them 
on the other side of the glass. 

Twilight.—In the first experiment described in this chapter, 
a beam of light was rendered visible by reflection from chalk 
particles in the air or from particles floating in water. Twilight 
is caused in exactly the same way by the reflection of sunlight 
from minute solid particles in the air, or from the air itself— 
authorities differ—in the upper regions of the earth’s atmosphere. 
After the sun has set, its rays continue to shine through the 
atmosphere above the observer’s head, and are reflected down to 
the earth’s surface. Twilight is considered to end when this 
scattered light becomes imperceptible. 

The Coin and Basin.—The law of reflection must have been known 
from very early times. It is proved in the first proposition of Euclid's 
Catoptrics, a work composed 
at Alexandria about 800 b.c. 

But the subject of refraction 
was not understood until 
much later. 

Fig. 297 represents an ex¬ 
periment which attracted a 
considerable amount of at¬ 
tention in ancient times. C is 
a coin resting at the bottom 
of an empty basin, E an eye Fio. 297.—Coin and basin, 

which carmot see the coin 

owing to the edge of the basin at B coming between. But when the 
basin is filled to the top with water, the rays from the coin to the eye 
are refracted, and follow the path CAE ; hence the coin becomes 
visible. The experiment was first successfully explained about a.d. 100 
by Ptolemy, the Alexandrian astronomer, in his book on optics. 

Ptolemy’s Data on Refraction.—Ptolemy published a table giving 
the angles of refraction corresponding to different angles of incidence 
for water, for glass, and for the case when the one medium was water 
and the other medium was glass. 

In order to measure the refraction from air to water, Ptolemy 
employed a graduated circle divided into 860®, which was immersed 
vertically in water up to the horizontal diameter. There were three 
objects for sighting on, one fixed at the centre of the circle, a second 
fitted to one of the upper quadrants, and a third fitted to the lower part 



316 


LIGHT 


of the circle. This last was pushed with a rod, until an eye placed at the 
object in air saw all three in a straight line. In measuring the refraction 
from air to glass Ptolemy used a semi-cylinder of glass, and adjusted 
its plane surface to coincide with a diameter of the graduated circle 
which was held against its end. In measuring the refraction from water 
to glass the semi-cylinder was placed with its plane surface on the 
surface of the water, and the circle was held with its horizontal diameter 
in the plane of separation of the two media. The following table gives 
the results ; they are of interest as being the earliest physical measure¬ 
ments on record :— 


Afr to wator* 

Air to glaea. 

1 Water to glass. 

ADgle of 
iDcldence. 

Aogle of 
refraction. 

Anglo of 
incidence. 

Angle of 
refraction* 

Angle of 
incidence* 

Angle of 
refraction. 

0* 

10 

20 

30 

40 

50 

60 

70 

80 

0“ 

8 

15J 

22| 

28 

35 

40^ 

45 

50 

0“ 

10 

20 

80 

40 

50 

60 

70 

80 

0® 

7 

13^ 

20| 

25 

80 

34 ;^ 

88i 

42 

0 ® 

10 

20 

80 

40 

50 

60 

70 

80 

0 ® 

H 

18| 

27 

85 

42^ 

49| 

56 

62 


Ptolemy did not discover the law of refraction. The latter was 
first stated in its present form by Descartes in his Dioptrics in 1637, but 

it is generally assumed to have been obtained by 
Snell about 1621, although he never published 
his discovery. 

Image of a Point formed by Refraction 
at a Plane Surface. —Let us suppose that a 
pencil of rays is diverging from a point P on 
the under-surface of a parallel-sided slab of 
some refracting material, for example, glass. 
The ray PN, which meets the upper surface of 
the slab at right angles, does not change its 
direction in passing into the air, but any other 
ray, PS, is refracted at the surface of separa^ 
tion. Let SR be its direction after refraction, 
and let p be the index of refraction of the glass. Let RS meet PN 
In Q. Then 

sin TSR sin NQS NS/SQ SP 
^ sin PSM“sin NPS“NS/SP”SQ 

If the angle NFS is small, SP/SQ=NP/NQ ; consequently, 

/^Q=NP, and the point Q is fixed. Thus, if a thin pen^ 
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from P be Incident at right angles on the upper surface of the 
glass, it appears after refraction to come from Q, i»e. a virtual 
image of P is formed at Q. 

Fig, 299 shows the same thing in another manner. E is an eye 
looking down at a point P at the bottom of a pool of water. The 
point P is apparently raised to Q, and 
the pool seems shallower than it really is. 

The real depth is NP and the apparent 
depth NQ. These are connected by the 
relation NP=/tNQ. Thus 

real depth 
^ apparent depth 

For water /x has the value Hence, if 
the depth of the pool is one foot, it ap¬ 
pears only nine inches. Most boys find 
sooner or later, when they step off a stone 
into the water, that it is always deeper 
than it seems. For a sharp image to be 
formed by refraction, as in Fig, 299, it 
is necessary that the pencil should be a 
narrow one, whereas sharp images are 
formed by reflection at mirrors, no matter 299.—Image formed 

how wide the pencil is. This does not by refraction, 

make any real difference in practice, 

because, owing to the small size of the eye pupil, the pencil of 
light entering it is necessarily a narrow one. 

If a stick is placed obliquely in the water and looked at from 
above, it appears bent where it enters the water, the part of the 
stick in the water being raised. If the eye is directly above the 
image, the end of the stick will be at three-quarters of its actual 
depth, as in Fig. 300, but if the eye is a considerable distance 



to the side, the image is higher and not so 
sharp. 

Determination of Index of Refraction 
by the Microscopic Method. —A method 
of measuring the index of refraction of a 
glass slab is founded on the principle of 
the foregoing section, A microscope is 
used, the tube of which can be raised ver¬ 



tically by a rack-and-pinion motion. This Fig. aoo. 

microscope is first focussed on a mark 


on the stage, then the slab of glass is placed on the mark 
and the microscope focussed on the virtual image of the mark 
formed by the slab. The distance through which the microscope 
has to be raised gives PQ (Fig. 299). This is read on a scale. The 
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miscroscope is then focussed on a scratch on the upper surface ol 
the slab, and the height through which it has to be raised this 
time gives QN. Then, when PQ and QN are known, the index 
of refraction can be calculated. 

The method can also be applied to liquids. The liquid is 
contained in a glass trough. The microscope is first focussed on 
a mark in the inside of the empty trough. Then the liquid is 
poured in, and the microscope focussed on the apparent position 
of the same mark. Finally the microscope is focussed on particles 
floating on the surface of the water, and the calculation made in 
the same way as for a solid. 

The microscope employed is generally a low-power one, and, 
since there is a wide region within which the focus does not vary 
much, the settings are not accurate. If, however, a high-power 
object glass is used, the focus is sharply defined, and the method 
is capable of great accuracy. 

Experiments on Image formed by Refraction at a Plane Surface.— 

The refractive indices of glass and water can be determined by the 

microscopic method *' without the 
use of a microscope. 

3 0 (f-) A rectangular glass slab is placed 

on the drawing-board (Fig. 801). It 
has a vertical scratch on one face at P, 
and the opposite side is polished. A 
Pig. 301. straight line PNS is drawn perpen¬ 

dicular to the polished face, and a pin 
set up in this line in such a position S, that its image formed by 
reflection in the surface of the slab coincides with the image of P 
formed by refraction at the same surface. The eye should be moved 
from side to side at E and the position of S adjusted imtil there is no 
parallax between the two images. Then 

_PN PN 

'*“qn“ns 

(2) Fill a glass tumbler or a milk jug full of water and place a penny 
inside on the bottom. Measure the depth of the water with a ruler. 
Then raise a penny above the level of the table outside the jug by 
putting books, matchboxes or other pennies below it, untU both pennies 
appear the same distance from the eye, when viewed simultaneously 
from above. The depth of the second penny below the surface of the 
water is then measured, and the one depth divided by the other gives 
the refractive index of the water. 

(3) Determine the index of refraction of a glass slab by the micro¬ 
scopic method as described on p. 817. The results should be tabulated 
as follows : 
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Beading on 
marlu 

Beading on 
mark thro ugh 
glaee^ 

Beading on 
top of mass* 

Thickness. 

Apparent 

thickness. 

RafractWe 

index. 

8*74 

4-89 

6-63 

1-89 

1-24 

1-524 


One determination is entered in the table. The thickness is the 
difference of the first and third columns, the apparent thickness the 
difference of the second and third, and the refractive index the fourth 
divided by the fifth. To obtain the full accuracy of the method, about 
six independent determinations should 
be made, and the mean of the results 
taken. 

(4) Mount a glass slab on two 
(Tooden blocks on the stage of a low* 
power microscope (Fig. 302), which is 
provided with a vertical scale for 
measuring the distance through which 
?it is raised, and focus through the 
slab on a mark P' on the stage. 

Tlicn remove the glass slab and focus 
again on the same mark. The differ¬ 
ence in readings gives the apparent 
upward displacement of P'. Is this 
displacement the same as when the 
slab rests directly on the stage, or does the air space below make a 
difference ? The student should be able to determine theoretically 
from the diagram whether there is a difference between the two 
cases or not. 



FxAMPue.—A slab of glass 1 in. thick is placed with its lower face 
parallel to and 1 in. above the surface of a table, and on its upper face 
rests a layer of water 2 in, thick. The refractive indices of the glass 
and water are 1-52 and 1-83 respectively. How far does the table 
appear raised when viewed from above through the glass and water ? 

Each slab produces an apparent upward displacement of 

(fL-l)t 


where fj. is its index of refraction and t is its thickness, 
the glass is 


0-52 

1*52 


0-342 


and of the water 


0-33 


X 2=0-493 


The effect o# 


1-33 

Hence the result is 0-888 inch. 
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Multiple Images fonned by Reflection at a Glass Plate. —Let 

us suppose (Fig. 803) that a ray of light APj is incident on the 
surface of a glass plate at P 2 . It gives rise to a reflected ray PiR^ 
and a refracted ray PiCi- On meeting the second surface of the 
plate the ray PiCj gives rise to a reflected ray C 1 P 2 and a refracted 
ray CiTi. On meeting the first surface of the plate the ray C 1 F 2 
in turn gives rise to a reflected ray P 2 C 2 and a refracted ray P 2 R 2 * 
and so on. The single incident ray APj gives rise to an infinite 
number of reflected rays PiRj, P 2 R 2 . P 3 R 3 , etc., and an infinite 
number of transmitted rays CiTj, C 2 T 2 , C^Ts, etc. The first two 
reflected rays are about equally bright, and the others get rapidly 
fainter, because each reflection diminishes the intensity of the ray 
very much. The transmitted rays decrease rapidly in brightness, 
CjTi being much brighter than C 2 T 2 , and C 2 T 2 about as bright as 
the first two reflected rays. If the second surface of the plate is 
silvered, there are, of course, no transmitted rays, but Fig. 803 



otherwise holds good. Only in this case the second reflected ray 
is much the brightest, the first and third are about equally bright, 
and the others diminish rapidly in intensity. 

When an object is viewed by reflection on a glass plate or by 
transmission through a glass plate, it follows, in consequence of 
the reflection of the rays back and forwards inside the glass, that 
we do not see a single image but a train of images. Fig. 304 shows 
how the rays reach the eye from the third reflected image. When 
we stand in front of a plate-glass mirror and view our reflection in 
it, there is no confusion, because the second image quite over¬ 
powers the others, and because the next two brightest, the first 
and third, are nearly superimposed on the second. But if a 
candle flame is held close to the mirror and the images looked at 
very obliquely, they separate, and according to the circumstances 
from five to ten may be seen, of which, of course, the second i/s 
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much the brightest. In the same way, if a candle flame is held 
close to an imsilvered glass plate, and the images looked at 
obliquely, from three to six may be seen. 

It will be observed, that in Fig. 304 the image is not in the 
perpendicular from the object to the surfaces of the plate, 
but displaced to the side. The displacement increases with the 
obliquity of the rays, and is greater for each image than for the 
one before it. If, however, the incidence is normal, the images all 
lie in the perpendicular, each a distance 2«//x behind the one in 
front of it, where t is the thickness and ^ the index of refraction 
of the material of the plate. This may be seen by producing the 
lines RjPi, R 2 P 2 » ... in Fig. 308, and considering the limiting 
positions of their intersections with the perpendicular through the 
object, when the angle of incidence becomes small. 


Caustic formed by Refraction at a Plane Surface.—In order that the 
image of P formed at Q in Fig. 298 may be sharp, it is necessary that the 



rays diverging from P make a 
small angle with the vertical. 
Fig. 305 shows what happens 
when the angle is not small. 
P is a point source situated in 
glass of refractive index 1-6, and 
rays diverging from P meet the 
plane surface of the glass at 
A, B, C, . . . etc., and are there 
refracted into air. In order not 



Fio. 805.—Caustic formed by refraction. 


Fig. 306. 


to confuse the diagram the paths of the rays inside the glass are not 
shown ; the straiglit lines give the paths of the rays after their refraction 
into air, produced backwards into the glass. These rays do not meet 
in point at Q, as has already been mentioned, but each two siic- 
^ssive rays meet in points which lie on a curve called a dmislic. 
Every ray which diverges from P, after refraction at the j-i trfuee, is 
a tangent to the caustic. 

If an eye looks down at P obliquely, as shown in I'ii.’:. it sees an 
image of P at S, but tlie image is not as sharp as -w hen the eye looks 
vertically down and sees it at Q. S is nearer the siirhice than Q ; conse* 




322 


LIGHT 


quently wlien the eye looks down at the flat bottom of a vessel full of 
water, the latter appears slightly concave. 

Experiment. —Set up a pin P on a drawing-board close to the face 
of a glass slab, and then set up two other pins, R and S, in line with the 
image of P. Draw a straight line through the positions of R and S. 
Repeat for other positions of R and S, choosing a wide range of direc¬ 
tions. Remove the slab, produce the different straight lines backwards, 
and join the intersections of each successive pair, so as to form the 
caustic. This experiment requires extremely accurate work. 

Total Hcfloction. —In Fig. 307 APB represents the path of a 
ray from glass to air, the part AP being in glass and the part PB 

in air. The angles of incidence 
and refraction are connected by 
the relation /x sin ^=sin <j>. Now 
{x has a value approximately equal 
to 1*5 for glass. Consequently if 
6 is gradually increased, it reaches a 
value given by 

u sin ^=1 or sin 0 = — 

for which sin (f> — l and the emergent 
ray goes parallel along the surface. 
This angle is represented by CPM in 
the figure, where CP and PD are corresponding incident and 
refracted rays. 

Suppose, now, that 6 is increased beyond this value and that 
the ray in the glass has the direction EP. fx sin 0 has then a 
value greater than 1 and sin <f> an impossible value. There is 
consequently in this case no refracted ray, only a reflected ray 
PF, and the light is said to be totally reflected. Since in general 
the incident beam gives rise to both a refracted and a reflected 
beam, the intensity of the reflected beam must be less tlian the 
intensity of the incident beam. But when the light is totally 
reflected, there is no refracted beam and no loss of light, and the 
reflected beam is as bright as the incident beam. 

Critical Angle. —If a ray is travelling in any medium in such a 
direction that the emergent ray just grazes the surface of the 
medium, the angle which it makes with the normal is called the 
critical angle or limiting angle of total reflection. 

Thus in Fig. 307 /.CPM is the critical angle. For glass of 
refractive index 1-52 it has the value 41® 9', and for water the 
value 48® 86'. 

The index of refraction of diamond is 2*417. Consequently 
its critical angle has the low value of 24® 26', and only if the rays 
make a comparatively small angle with the normal will they be 
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able to emerge. As a result the number of directions in which 
rays can emerge are few, and the light may emerge strongly in 
one of these directions. This gives the diamond its sparkle. 


Experiment on Total ReOe^tion.—Hold an empty test-tube obliquely 
in a glass beaker filled with water. Stand at some distance from the 
window, so that most of the light enters the beaker horizontally from 
the side, and view the surface of the test-tube from above through the 
water. It will appear bright like a mirror or like polished metal ; this 
is because the rays of light incident through the water on the side of the 
tube are totally reflected. If, however, water is poured into the test- 
tube, the part filled with water 
looks dark in comparison with the 
part above it. Total reflection 
ceases now, and most of the rays 
which fall on the side of the tube 
enter into it. 

Experimental Demonstra¬ 
tion of Total Reflection. —Fig. 

808 represents a trough with 
glass sides and ends, which is 
filled with water. A horizontal beam of light from a projection 
lantern is received by a mirror M and made to enter at the side of 
the trough. Its path inside the trough is rendered visible either by 
reflection at the particles floating in the water or by dissolving a 
fluorescing substance in the water (c/. p. 388). If the angle which 
the beam A makes with the normal is less than the critical angle, 
it g^ves rise both to the reflected beam C and the refracted beam B, 
which can be rendered visible by dusting chalk in the air. But if 
the mirror M is inclined, so as to gradually increase the angle 
of incidence of the 
beam A inside the 



water, the beam B 
becomes horizontal 
and disappears; 
simultaneously 
there is a great 
increase in bright¬ 
ness of the beam C. 
The beam A is then 
totally reflected. 

The Fish and the 
Setting Sun.—Fig. 309 
gives the answer to 




the well-known problem of finding in what direction a fish sees the setting 
sun. The surface of the water is supposed perfectly smooth. Tlie rays 
from the sun come along the surface at grazing incidence, are refracted 
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at P, and enter the eye of the fish, making the critical angle with tnv 
v’crtical. The iish consequently sees the sun setting at an angle of 
48® 36' with the vertical. In fact the whole sky for the fish is com' 
pressed within a cone of semi-vertical angle 48® 36'. Outside this con* 
it sees stones, etc., at the bottom of the sea totally reflected at the 
surface. 

Totally Reflecting Prism. —Fig. 310 represents a section o 
what in optics is simply called a prism, but what would in geometry 
be railed a right triangular glass prism, i.e, a solid bounded by 
plane figures, of which two, the ends, are congruent triangles, and 
the others, the sides, are rectangles. The section is a principal 
section, one made by a plane at right angles to the sides, and for 
the prism in question it is a right-angled isosceles triangle. ABC 

represents a ray which is incident 
perpendicularly on one of the 
faces, and consequently enters 
the prism undeviated. It is then 
reflected internally by the hypo¬ 
tenuse surface, is incident per¬ 
pendicularly on the third face, 
and emerges undeviated. The 
angle of incidence on the hypo¬ 
tenuse surface is 45®. Now the 
critical angle for crown glass is 
about 41® 9', which is less than 
the angle of incidence. The rays are consequently totally reflected 
by the hypotenuse surface, and, except for the comparatively 
small reflection losses on entering and leaving the glass, emerge 
from the prism with their intensity undiminished. 

Such a prism is called a total reflection prism. It is often 
used instead of a mirror for reflecting a beam through 90®. ff a 
mirror is silvered on the front it tarnishes, and, if it is silvered 
on the back, the faint image caused by reflection on the front 
sometimes causes confusion. By the use of the total reflection 
prism both these sources of trouble are eliminated. 

The prism can also be used to turn the beam through 180® as 
shown in Fig. 311. In this case it suffers two total reflections. 

The Luminous Jet. —If a jet of water falls into a dish from the 
side of a glass vessel in a darkened room, and a beam of light from 
a projection lantern is directed into the vessel from the side 
opposite to the jet and travels into the jet, suitable precautions 
being taken to screen off stray light, the jet appears dark until it 
strikes the bottom of the dish. Then a brilliant lighting results. 
For the light everywhere falls on the surface of the water at an 
angle greater than the critical angle, and consequently cannot 
escape from the jet by refraction. 
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Two Parallel Slabs. —Let Fig. 812 represent the passage of a 
ray of light from a medium A through two slabs with parallel 
sides made of media B and C back into A. B and C possess 
different indices of refrac¬ 
tion ; in order to have clear 
ideas we may think of them 
as water and glass, the 
medium A being air. The 
normals to the three surfaces 
are parallel. The angles of 
refraction inside the media 
B and C are respectively 
/3 and y. It is found by ex¬ 
periment that the emergent 
ray is always parallel to the 
incident ray ; hence it makes 
the same angle a with the 
normal as the latter. Let a/^b» and c/^a denote respectively 
the indices of refraction of B with respect to A, of C with respect 
to B, and of A with respect to C. Then, from the definition. 



sin a 

A/AB=Tjr-5» B/^C 


sin 


sin , sin y 

sin y* sin a 


whence, multiplying the three equations together, 

sin a sin S sin v 

AA^B * Bf^C • CMa—— -3 * -^ = 1 

sin p sin y sin a 

This is an important result which enables us to calculate the 
refractive index of one medium with respect to another, when the 
refractive indices of both media are knoAvn with respect to a 
third. For example, if B is water which has a refractive index 
J.-338 with respect to air, and if C is glass of refractive index 1-52, 
then the refractive index of the glass with respect to water is 
given by 

1 

bPc = - 

ApB ' C^A 

Now we have 

1 

CPA— - 

aPc 


since 


Hence 


cPa — 


sin y 
sin a 


and 


bMc 


.aPc^1^52 

aPb 1*333 


sin a 

aPc = — - 

sin y 

-=1*14 
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Absolute Refractive Index. —The refractive index of air under 
standard conditions with respect to vacuum is 1*0003. Let us 
suppose that in Fig. 312 the medium A is vacuum, the medium B 
air, and the medium C glass of refractive index 1‘52. Then the 
refractive index of the glass with respect to vacuum, or its absolute 
refractive index, as it is called, is given by 

A/^c ==aMb * B/*c—X1-52 —1*6206 

cMa 

Thus the absolute refractive index of a substance is always 
greater than its relative refractive index with respect to air, but 
the difference is smaller than could be measured with the average 
school spectrometer. 

Several Parallel Slabs. —Let us suppose that a ray incident 
on the surface of a glass slab in air makes an angle of incidence 6 

and an angle of refraction 6 with 
the normal to the surface. Next 
let us suppose that the ray is 
incident at the same angle, but 
does not enter the glass directly, 
that a number of different media 
are inserted between, as shown 
in Fig. 813; these media have 
different thicknesses, but are all 
bounded by planes parallel to 
the plane surface of the glass. 
Then the ray makes the same 
angle 6 with the normal in the 
glass as before; 6 depends only 
on and is not affected by the 
media the ray passes through on 
its way to the glass. This may 
be shown by supposing the ray 
to enter the air again, for the emergent ray must make the same 
angle <f) with the normal at the point of emergence. 

Example.— Two equal glass plates with parallel sides are cemented 
together witli a thin air film between, thus forming a glass cell containing 
air. The cell is then immersed in a trough of water with its sides 
vertical and a horizontal beam of light passed through it. It is found 
that when the cell is rotated about a vertical axis through an angle 0 
from the position in which the light is incident on it perpendicularly, 
the beam no longer passes. Explain the occurrence, and derive an 
expression for the index of refraction of water. 

The two glass plates with the air film may be regarded as forming a 
series of plates such as is represented in Fig. 313. Under no circum¬ 
stances will the beam be totally reflected on entering the glass, because 
the refractive index of glass is greater than the refractive index e» 
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water. Now ttie angle which the ray makes with the normal in the 
air film is not affected by the glass plate passed through ; we may 
tliink of the arrangement as simply a plate of air immersed in water. 
In going from water to air the beam is entering a medium with a smaller 
index of rc&action. Consequently total reflection takes place when 
the angle of incidence B becomes equal to the critical angle. The 
beam no longer passes, because it is totally reflected by the air film, and 
the refractive index of water is given by 

_ 

^~sin B 

Atmospheric Refraction. —Let us suppose that the atmosphere, 
instead of diminishing gradually in density as we ascend, keeps 
its density constant, and then suddenly 
comes to an end. In other words, we 
have a uniform slab of air and above 
that vacuum. If a ray of light, SQ, from 
a star falls on this slab, it is refracted ; 
consequently an observer situated at P 
sees the star in the direction PQ. If the 
air were removed he would see it in the 
direction PS', which is parallel to QS, 

• since the star is infinitely distant. In¬ 
stead of making the angle ^ with the 
vertical, the direction of the star makes the slightly smaller angle Q. 
In other words, it is displaced towards the zenith—the direction 
vertically overhead—through the small angle ^ — B. Now 

sin ^=sin {(^— 

=sin — B) cos B-\-cos — B) sin B 

={<^ — B) cos ^-f-sin & 

because, since —B is small, sin — B) may be written equal 
to — B in radian measure, and cos {<f> — B) may be put equal to 1. 
Substitute this value of sin in the law of refraction. Then 

{<f> — 6) cos 0+sin 6=fx sin B 

— 6) cos — 1) sin B 

or <!> — B=\fx — 1) tan B 

Consequently the displacement equals /z — 1 or 0‘0003 times the 
tangent of the apparent angle which the star makes with the 
zenith. 

The density and refractive index of the atmosphere increase 
gradually as we approach the earth’s surface. Hence the atmo¬ 
sphere must not be represented by a single uniform slab, as in 
Pig. 814, but by a number of slabs of gradually increasing density, 
as in Fig. 815. The ray from the star suffers a slight deviation on 

M 



Fig. 814. 
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entering each of these separate slabs, as shown in Fig. 815 . But, 
^ has been proved above, the direction in the final medium is 
independent of the media passed through. Hence the above 
formula still holds, provided that <j>—e is small. If, however, the 

star is low in the heavens, 
tan 6 is large, the formula 
would not give a small value 
of <f> — 0, and hence can no 
longer be applied. 

The upward displacement 
produced increases very rapidly 
as the star approaches the 
Fig. 315. horizon, attaining a magnitude 

. of 85' when ^ reaches 90®. 

This IS greater than the angle subtended by the diameter of the 
sun or of the moon. Thus, when the lower edge of the sun’s 
disc appears to be touching the horizon, the whole disc is really 
below the plane of the horizon. Hence, owing to the refraction 
of the atmosphere, both ends of the day are lengthened at the 
expense of the night. 

Mirage.—It sometimes happens in a desert, that the layer of air 
immediately above the sand is much hotter tlian the layers higher up, 
consequently its density and index of refraction are lower than for the 
layers higher up. Rays of light from the sky incident on the hot layer 
at a very large angle are thus totally reflected, and pass upwards again 
into the colder regions without reaching the sand. If they reach the 
eye of an observer, he sees a piece of the sky apparently mirrored in 




the sand, and takes it to be the surface of a lake. To this phenomenon 
the name of mirage is given. Thus in Fig. 316 the observer sees the tree 
and sky behind it directly. He also sees them by total reflection on the 
hot air immediately above the sand, and thinks he sees a lake with the 
reflection of the tree in it. 
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Examples III 

1. A ray of light is refracted at the surface of a glass plate ol 
refractive index 1*517, the deviation caused by the refraction being 12®. 
Calculate the deviation for different angles of incidence, graph the result 
as a function of the angle of incidence, and determine from your graph 
the angle of incidence for the case in question. 

2. Explain why a transparent substance like glass is opaque when 
finely powdered. 

3. A vessel, 8 in. deep, is filled with methyl alcohol of index of 
refraction 1-832. Find its apparent depth. 

4. The index of refiraction of carbon bisulphide is 1*63. Carbon 
bisulphide is poured into a beaker to a depth of 6*0 cm. What is its 
apparent depth ? 

3. A slab of glass, 8 cm. thick, with a refractive index of 1*52 is 
held with its lower surface horizontal 5 cm. above a piece of paper on 
which a mark is made. Where does the mark appear to be to an eye 
looking at it vertically through the slab ? Illustrate your answer with 
a diagram. 

6. A small air bubble in a glass slab appears to an eye looking 
normally at the surface to be 3 cm. from the latter. If 1*52 is the 
index of reff'action of the glass, what is the real distance of the bubble 
from the surface ? 

7 . Look at the reflected image of an electric light filament in a 
piece of red glass. Why are there two images, one red and one white.? 

8. Find the absolute refractive index of water, given that the 
refractive index of water with respect to air is 1*3330 and the refractive 
index of air is 1*0003. 

9. The absolute indices of refraction of ethyl ether and a certain 
kind of glass are 1*352 and 1*517 respectively. What is the index of 
refraction of the glass with respect to the ether ? 

10. Find the critical angle for a ray passing from glass of index of 
refraction 1*583 to water. The index of refraction of water is 1*383. 

11. What is the greatest zenith distance that a star can have as 
seen by an eye under water ? The zenith distance of a star is the 
angle which its direction makes with the vertical. 

12. The apparent elevation of the centre of the sun’s. Oise above the 
norizon is 40®. Find its true elevation. The index of refraetioD from 
vacuum to air is 1*0003. 

18. A glass trough half filled with water is placed beneath a 
measuring microscope, and the latter focussed (i) on a mark on the 
table beneath the trough, and (ii) on the upper surface of the water. 
More water is then poured in, and both readings repeated. It is found, 
that (i) has been displaced upwards through a distance a, and that (ii)! 
has been displaced upwards through a distance b. What is the index of 
refraction of water ? 
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14. Kepler believed that the law of refraction was given by 

4.= __ 

sec $ 

where ^ is the angle of incidence, 6 the angle of refraction, and ^ a 
constant. By means of this formula calculate 4> for values of d 
increasing in steps of 5® from 5® to 45® inclusive, taking n equal to 
1-333. Then calculate ^ by the correct formula for the same values 
of 6 and and graph the results of both calculations on the same 
diagram as functions of 0 . 

15. A ray of light starts from a point A, is redacted by a plane 
water surface at a point P, and arrives at a point B inside the water. 
Show graphically for one particular case, that the value of AP+^P 
<br the actual path is less than for any other possible path from A to B. 


CHAPTER IV 


SPHERICAL MIRRORS 

Ip the surface bounding two media is spherical in shape and highly 
polished, it is said to form a spherical mirror. It is not necessary 
for it to be silvered ; an unsilvered glass surface gives quite as 
sharp images, but if the surface is silvered, the images are much 
brighter. The glass must be silvered on the front, if the theory 
given here is to apply, for if the mirror consists of a thin piece of 
glass silvered on the back, the light suffers refraction at the front, 
both before and after reflection at the back. 

Spherical mirrors are divided into two classes, concave and 
convex. In the case of the concave spherical mirror, the light 
falls on the surface from the same side as the centre of curvature 
or centre of the sphere of which the surface forms part; in the 
case of the convex mirror the light falls on the surface from the 
opposite side to the centre of curvature. 

Spherical mirrors like plane mirrors form images of objects 
placed in front of them. But whereas the image formed by a 
plane mirror is always virtual, the same size as the object, and 
situated at the same distance from the mirror as the object is, the 
image formed by a spherical mirror may be real, and is usually 
magnified or diminished in size ; its distance from the mirror 
varies also with the curvature of the mirror and the position of 
the object. We shall proceed to find the formula which gives the 
position of the image, restricting ourselves at first to the simplest 
case, the case of a concave mirror forming a real image. We shall 
afterwards go on to the more difficult cases. 

Proof of Formula for Concave 
Mirror forming a Real Image. 

—Let AB represent a section of a 
concave spherical mirror, let C be 
its centre of curvature, and let P 
be a point source of light. Join 
PC and produce it to cut the 
mirror in A. 

Draw any ray making a small angle a with AP to meet the 
mirror at B. The element of surface at B may be regarded as 

881 
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plane, and consequently the laws of reflection at plane surfaces 
may be applied to it. The element of surface coincides with the 
tangent plane at B, and CB is the normal to it. Let ^PBC=^. 
The ray after reflection at B makes an angle ^ with the norma! 
and meets AP at Q. Denote ^BCQ by ^ and ZlBQA by y, 
and let AP, AC, and AQ have respectively the values w, r, 
and V. 

Then, from the figure 

^=^+a. y=^+y3, 

and consequently a+ys=2^. But since a, and y are small, 
we can write 



and 



AB 

V 


On substituting these values in the equation above, aud dividing 
out by AB, we obtain 



u V r 


i.e. the position of Q is quito independent of the position of B. 

Rays diverging from a point P, therefOYe, and making a small 
angle with the straight line joining P with the centre of curvature 
of the mirror, after reflection at the mirror, converge towards 
another point Q. Or, in other words, the mirror forms an image 
of the point P at Q. 

In Fig. 817 keep the mirror and, consequently, the point C 
fixed, and rotate the line PC through a small angle about an axis 
perpendicular to the plane of the figure through C. P and Q 
then describe arcs which may be taken as straight lines, and the 
one line will be the image of the other. 

Spherical mirrors have usually a circular rim, and the straight 
line through the centre of curvature perpendicular to the plane 
of this rim is called the axis of the mirror. We have proved, 
therefore, for one particular case, that a spherical mirror forms an 
image of a short line situated on the axis and perpendicular to the 
axis. 


Conjugate Points. Focus. —It is dear that in Fig. 317 the rays 
may be regarded as starting from Q and going to P. Or in other 
words, object and image are interchangeable. This is expressed 
by saying that P and Q are conjugate points. 

If the object is at infinity, 1/w is zero, and v becomes equal to 
r/2. All the incident rays are then parallel, and after reflection 
they converge to a point F midway between A and C (Fig. 318). 
This point F is called the principal focus, or simply the focus of 
the mirror, and the length AF is called its focal length* and is 
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usually writteny. If we substitute^for rj2 in the formula for the 
spherical mirror, the iatter becomes 

«f 

If the rays from the sun are focussed by a large mirror in the 
manner indicated by Fig. 318, the heat produced at F is sufficient 
to set fire to small pieces of paper. 

Graphical Construction. —If the property of the focus, and the 
fact that the mirror forms images be assumed, the position and 
size of the image can be found very easily by a graphical construc¬ 
tion. Let there be an object at P (Fig. 319), only one half of 



Fxo. 818. Fio. 819. 


which, Vpt is drawn. Draw a ray from p through C ; it falls on 
the mirror perpendicularly, and consequently after reflection 
comes back along the same path. Draw another ray, pB, parallel 
to the axis ; after reflection it passes through the focus. The 
point q where BF cuts pC is therefore the image of p, and the 
perpendicular 5 Q to the axis consequently the image of pP. 

Alternative Proof of Formula. —The formula for the mirror 
may be derived from Fig. 319. Since AB is small in comparison 
with the radius of curvature—it is greatly exaggerated in the 
figures for the sake of clearness—it may be regarded as straight, 
and at right angles to AP. Then AB=Pp, and consequently 
AB/Q^==Pp/Qg. Triangles ABF and QjF are similar, as are also 
triangles QgC and PpC. Hence 

AB AF , Pp PC 
Qq - QF Qg - QC 

But the left-hand sides of these two equations are already equal» 
hence 

AF PC 
QF~QC 

or / _ u — 2f 

v—f~2f—v 

which gives — v) = (u—2f){v—f) 

or fu-\-fv = uv 
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and on dividing out by u vf. 


u~^v f r 

the equation which has already been found. 

Magnification produced by a Mirror. —The relative sizes of 
the image and object can also be obtained from Fig. 819. For 


Qq QC r—v 
Pi? “ CP “ 



But since 


1 1 ^2 1_1 
V r*v r r u 


Thus = - 

Pp u 

The ratio Qqll?p is termed the linear magnification or simply 
the magnification. If the magnification is a proper fraction, the 
image is smaller than the object. The above equation can be put 
into the following useful rule : the linear dimensions of the image 
and object are in the ratio of their distances from the mirror. 


FxAAfPi.£.—A real image produced by a concave mirror is found to 
be four times the height of the object. If the mirror is 30 cm. from the 
object, what is its focal length ? 

We have u=80. Thus u = 120, and on substitution in 

u^v f 

/=24 cm. 


Convention of Signs. —Hitherto in dealing with the concave 
mirror we have restricted ourselves to the case, that the image is 
on the same side of the mirror as the object. It is then real, and 
can be received on a screen. Let us suppose that the object lies 
between the surface of the mirror and the focus ; for example, 
let r=10 cm. and u=3 cm. Then, by the equation 



B ' V 5 


which gives —7*5 cm. 

The natural interpretation of this result is that the image is 
situated 7*5 cm. from the mirror on the opposite side from the 
object. If we use the graphical construction, it leads to this same 
position of the image. Now we do not know so far, that we have 
the right to use either the formula or the graphical construction, 
when V is negative. We shall, however, make the assumption, 
that all distances to the right of the mirror are positive, and all 
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distances to the left negative. That is, u, u, r, and J" are to be 
regarded as the co ordinates of the object, image, centre of 
curvature, and focus with respect to the mirror as origin, and we 
are to use the plus and minus signs in exactly the same manner as 
in co-ordinate geometry or graph plotting. Then on the basis 
of this assumption, we shall find forraul® for the position of the 
virtual image formed by a concave mirror, and for the position of 
the image formed'by a convex mirror. 

Concave Mirror. Virtual Image. —Let P (Fig. 320) be the 
object, C the centre of curva¬ 
ture, and BQ the direction of 
the reflected ray produced 
backwards to meet the axis. 

Let <l> denote the angle of inci¬ 
dence and reflection at B, and 
let ^APB, /,ACB, and ^AQB 
be equal to a, and y respec¬ 
tively. AP=t4, AC=r, and AQ=v. Then, from the figure. 





2^=a-|-y 

which gives a—y—2^. Since a, )3, and y are small, we can write 




, and y= — 


AB 

V 


The minus sign is necessary in the expression for y, since v itself 
is negative. On substituting these values in the equation above, 
and dividing out by AB, we obtain 



Convex Mirror. —Let P (Fig. 321) be the object, C the centre of 
curvature, BQ the direc¬ 
tion of the reflected ray 
produced backwards, and 
<f> the angle of incidence 
and reflection as before. 

Let a, and y have the 
values denoted in the 
figure, and let AP=w, 

AC=r, and AQ=i;. In 
this case both r and v are 
negative. 

Then 2^=a+y 

and these give y—a=2)3. VVe have 



AB 



and y = 


AB 


a = 


w 


V 
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and on substituting these values and dividing out by AB, we obtain 
the equation 

u V r 

as before. 

Hence in Figs. 320 and 321 the position of the point Q is inde¬ 
pendent of the position of B, and the mirror forms an image of the 
point P at Q. The image is in each case a virtual one ; it is not 
the rays themselves, but only their directions produced backwards 
that meet. Consequently the image will not show up on a screen. 

If in Figs. 320 and 321 the point C is kept fixed, and the line PC 
is rotated through a small angle about an axis through C perpen¬ 
dicular to the plane of the paper, P and Q describe arcs which may 
be taken as straight lines, and the one line is the image of the other. 

Thus we find that the same formula holds for all cases of image 
formation by spherical mirrors^ provided that it is interpreted 
algebraically. 

Focus of a Convex Mirror. —Let us suppose that a beam of 
parallel light is incident on a convex mirror, as shown in Fig. 322. 
Then Iju is zeio, and v becomes equal to r/2. After reflection at 
the mirror the rays appear to diverge from a point F midway 
between A and C, which is called the focus of the mirror; AF is 
called the focal length of the mirror, and is usually written f. 
In Fig. 822 /is negative. 




Graphical Construction for Convex Mirror. —Fig. 323 shows a 
determination by the graphical method of the position and size 
of the image formed by a convex mirror. Pp is the upper half of 
the object. From P a ray is drawn through C ; it falls on the 
mirror perpendicularly, and consequently after reflection comes 
back along the same path. Another ray pB is drawn parallel 
to the axis ; after reflection its direction produced backwards 
passes through the focus F. The point where BF cuts pC, is 
therefore the image of p, and the perpendicular to the axis, gQ, 
consequently the image of pP. 

The formula for the mirror and the law of magnification can 
be derived from Fig. 323 just as they were derived from Fig. 319. 
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If regard is paid to the signs of Pp and Qg, reckoning distances up 
positive and down negative, the law of magnification becomes 

Qg^ V 

Vp u 

Then, when Qg/Pp is positive, the image is erect, and when it is 
negative, the image is inverted. 

Rules for solving Problems. —To recapitulate, then, the 
following facts must be kept in mind in solving numerical problems 
on mirrors: 

(1) The same formula 

u~^v r f 

holds for all cases of image formation by a spherical mirror. 

(2) The magnification is always equal to the image distance 
divided by the object distance. 

(8) The same graphical construction holds for all cases. And 
in order to avoid mistakes in sign, which • are very difficult to 
prevent altogether, 

(4) Always verify numerical results by the graphical 

construction. 

Some textbooks use a different convention of signs from that 
adopted here, and always take the direction opposed to the incident 
light as positive ; thus t; = 10 cm. means that the image is 10 cm. 

from the mirror on the side from which the light is coming, and 

r= —7 cm. means that the image is 7 cm. distant on the other side. 
The two conventions agree or clash according to the side of the 
page from which the light comes. As there is no reason why a 
student should unlearn his co-ordinate geometry when he starts 
to study light, and as the one convention possesses no advantage 
over the other, we shall always measure distances to the right of 
the mirror positive, and distances to the left of the mirror negative. 

If a student has not time to learn both the use of the formula 
and the graphical construction, it is better to concentrate on the 
graphical construction. 

Example.— A concave mirror has a radius of curvature of 12 cm. 
Find the position, nature, and size of the image, when an object 4 mm. 
Iiigh is placed (a) 18 cm. from the mirror ; (fe) 4 cm. from the mirror. 

(а) The formula gives 

18^u 12 

Hence i>=9 cm., and the image is real and inverted. The magnification 
d/m is 4, and hence the height of the image is 2 mra. 

(б) In this case 


1.1 2 




Hence v= ^12 cm., i.e. the image is behind the mirror, and is erect and 
virtual. The magnification is 12/4=3, and the height of the image 
consequently 12 mm. 

Exaaiple.—A convex mirror has a focal length of 10 cm. Find the 
position, nature, and size of the image, when an object 5 mm. high is 
placed on the axis of the mirror at a distance of 15 cm. from it. 

In this case the focus is behind the mirror, so that/must be written 
—10. Then the formula gives 


15 ' o 10 

Hence u=—6, the image is behind the mirror, erect, and virtual, the 
jnagnilication is 0/15 =|, and the height of the image is 2 mm. high. 

The Optical Bench. —The optical bench is a piece of apparatus 
used for determining the focal lengths of lenses and mirronj. 
There are two classes of optical bench, those made with metal 
bases and fittings, and those made of wood. The former, while 
more accurate and indispensable for certain special purposes, are 
too expensive and elaborate for general use, and a wooden bench 
of the type shown in Fig. 324 will be found sufficient for most 
purposes. 



Fio. 324.—Optical bench. 


The base of this bench is mahogany. At the side is a scale 
two metres long for reading the positions of the pieces. The stand 
A carries an incandescent electric lamp, in front of which there is a 
wooden upright with a rectangular hole in it, across which are 
stretched cross-wires. These cross-wires are the object, and it is 
usually advisable to fasten a piece of tissue paper with drawing- 
pins between the hole and the lamp to give a more uniform back¬ 
ground to the object. Stand B is for carrying the lens or mirror ; 
it has a V-shaped top with a groove in it. C is a screen for 
receiving images, consisting of an upright with a piece of paper 
fastened on with drawng-pins, and J> a similar screen with a 
hole in it, also used for receiving images. The positions of the 
various stands can be read by marks on their bases. 

The optical bench is generally used in a darkened room. This 
is, however, not necessary. If instead of cross-wires, the filament 
of a 16 candle-power carbon glow lamp is used as object, the 
image is bright enough to be received on a screen in broad daylight. 
Also it is not necessary to mount the various stands on a wooden 
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board as shown in Fig. 324 ; they may be moved along the surface 
of the table itself, and the distances between them measured with 
an ordinary metre-stick. 

Mirrors suitable for use on an optical bench can be made by 
taking untrimmed spectacle lenses and painting one face black. 
The other face is used as reflecting surface. The paint absorbs 
the light that enters the glass. 

Experiments on Spherical Mirrors.—<1) Fix a concave mirror in 
the stand B (Fig. 324), place it on the optical bench facing stand D, and 
direct the bench towards a window or distant light. The window is 
so far away, that the rays from it may be considered parallel ; they 
pass through the hole in D, are reflected by the mirror, and form an 
image of the distant object at the focus of the mirror. The stand D 
is moved towards the mirror, until this image is sharply focussed on it. 
The distance of the image from the mirror is then the focal length of 
the latter. 

If the axis of the mirror were set parallel to the bench, the image 
would fall on the hole, and hence be lost. The mirror is consequently 
tilted a little, so that the image falls on the paper at the side of the 
hole ; this causes no appreciable error. 

(2) Stick a pin in the hole in D with its head in the same plane as 
the paper which is fastened on this stand, and fix a concave mirror 
on the stand B so as to face the paper. Place the lamp A on the other 
side of D with the upright turned away from the latter, so that its rays 
fall through the hole in D on to the mirror. Focus the mirror until 
an image of the pin is formed on the paper close beside the pin itself. 
Then measure the distance of the mirror from the pin. 

In this case v=u. Hence, substituting in the formula. 



u u r 


u=r. and the radius of curvature of the mirror is equal to the distance 
of the mirror from the pin. 

(3) Let the rays from the cross-wires on stand A pass through the 
hole in D, fall on a concave mirror mounted on B, and be reflected back 
to form an image on D. Take different positions of cross-wires and 
mirror, and measure the corresponding values of u and v. The latter 
sliould then be entered in a table as below, and / calculated by the 
formula 


u 

V 

f 






If many values of « and v are taken, they should be graphed against 
one another ; the curve is a rectangular hyperbola. 
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(4) Mount a convex mirror on stand B, and let the rays of light 
from the illuminated cross-wires fall on it. As the image is virtual, it 
cannot now be received on a screen, and consequently a different pro¬ 
cedure must now be adopted, analogous to that of experiment 4 on p. 305. 
Mount a' long pin in a piece of wood, and set it vertical on the axis of 
the mirror behind the latter. Then placing a hand over the lamp, so 
as to prevent its direct light entering the eyes, look over the top of the 
lamp into the mirror. An image of the cross-wires will be visible in the 
mirror, and at the same time the long pin will be seen over the top of 
the mirror. Sliift the long pin about until it coincides in position with 
the image of the vertical cross-wire, moving the head from side to side 
to be sure that there is no parallax between them. The distance of the 
pin from the mirror gives v, the distance of the cross-wires from the 
mirror gives u, and / can then be calculated by the formula. 

(5) Verify the values of r obtained on the optical bench by means 
of the spherometer. 

Example.— The focal length of a concave mirror is obtained by 
forming the image of a lamp several metres distant. The result is 
25*2 cm. How far away must the lamp be for the result to be accurate 
to 2 mm. ? 

Let u be the distance of the lamp, when the result is of the degree 
of accuracy required. Then i;=:25-2 and /=25*2—0*2«s25*0 cm. 
Consequently 

u 25*2 250 

which gives u=3,150 cm. 

Tracing the Position of the Image.—In the formula for the 
mirror 



u V f 


write u=f~\-cc and v=f-\-y. Then x and y denote respectively the 
distances of object and image from the focus. We obtain 

/+x^/+2/ / 

/(/+2/) 4/(/+a:) = (f+x)(f-\~y) 
and finally xy=f- 

This equation may be used for tracing the change in position of the 
image, when the position of the object is varied. It holds both for 
the concave and convex mirrors. 

Thus in the case of the concave mirror facing towards the 
right with its focus a distance / in front of it, when x = (» , y=0. 
As the object moves towards the focus, the image moves to the 
right away from the focus. \Vhen x~fy y—f\ so they pass at 
diis point, i.e. at the centre of curvature. As x becomes 0 , y moves 
towards infinity. 
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When the object crosses the focus, an is negative and very small. 
At the same time y becomes negative and very large ; the image 
is virtual and a long way behind the mirror. As the object passes 
the focus on its way towards the mirror, the image jumps from 
positive to negative infinity. Finally, as the object approaches 
the surface of the mirror, x becomes — /, and consequently y 
becomes —y*. So object and image meet on the surface of the 
mirror. 

In the case of the convex mirror facing towards the right with 
its focus distant y* behind it,when a;=oo , y—0. As x diminishes, 
y increases; finally, when x = —ft y=—ft they reach the 
surface of the mirror together. 

The above results are shown below in tabular form. The 
table at the same time gives the character of the image ; this is 
obtained most easily from the graphical construction. 


TABLE OF RESULTS* 


Position of Object 
At infinity. 

Between oo and C: 

At C- 

Between C and F. 

At F. 

Between F and 
mirror. 

At mirror. 


Concave Mirroh 

Position of Image 
At focus. 

Between F and C. 

At C. 

Between C and oo . 

At infinity. 

From an infinite dis¬ 
tance behind mir¬ 
ror to mirror. 

At mirror. 


Character oj Image 

Real. 

Real, inverted, dimin¬ 
ished. 

Real, inverted, same 
size. 

Real, inverted, magni¬ 
fied. 

Virtual, erect, magni¬ 
fied. 

Erect, same size. 


Position of Object 
At infinity. 

Between infinity and 
mirror. 

At mirror. 


Convex Mirror 

Position of Image 
At focus. 

Between F and 
mirror. 

At mirror. 


Character of Image 
Virtual. 

Virtual, erect, dimin 
ished. 

Erect, same size. 


Experiment. —Place a candle flame close up in front of a concave 
mirror, for example, a shaving mirror. On looking into the mirror a 
magnified erect image of the flame will be seen. Gradually draw the 
flame away from the mirror ; the image grows larger and fills the whole 
mirror, until finally it ceases to be visible. 

If, however, the flame is moved further out, and we look into the 
mirror along its axis from a distance, an inverte^l aerial image of the 
flame will be seen further out than the flame itself. If the flame is again 



LIGHT 


moved out, this image moves in, until there is no parallax between 
them, and flame and aerial image are seen side by side, exactly the same 
size. As the flame moves further out still, the aerial image moves 
further in, and diminishes in size. 

Experiment. —Form a real image with a concave mirror, and 
determine corresponding values of u and n, taking as wide a range of 
values as possible and including the case where v is greater as weU as 
the case when v is smaller than u. Graph the results, and from the 
graph determine the focal length of the mirror. 

The Magic Dagger and the Phantom Bouquet.—Fig. 325 represents 
an illusion known as the “ Magic Dagger,” in which a concave mirror 
is employed. A dagger is suspended at A inside a box in an inverted 
position. The box contains electric lamps not shown in the figure, and 
hence the dagger is strongly illuminated. The rays issuing from it 



Fig. 325.—Magic dagger. 


/all upon the concave mirror at B, are reflected by the latter, and form 
a real erect image at C. The illusion is shown in a partially darkened 
room ; the spectator sees a luminous dagger before him, which, when 
he tries to grasp it, melts into thin air. Also if he moves to the side, so 
that his eyes do not catch the reflected rays from the mirror, the 
illusion vanishes. The spectator cannot see the real dagger or the 
lamps which illuminate it, as they are concealed by the box. The 
illusion is a very effective one, when it is properly staged. 

The ** Phantom Bouquet ” is another variant of the same illusion. 
Instead of a dagger a bouquet of flowers is suspended upside down 
inside Die box, and a vase is placed at C. When the spectator is in 
line with the vase and the mirror, an erect image of the bouquet appears 
in the vase, but when he steps to the side, the vase is empty. 

Caustic formed by Reflection at a Concave Mirror.—We assumed 
in proving tlie formula for the mirror (Fig. 317), that the arc AB was 
small. If it is not small, the approximations made are no longer 
justified, and the formula does not hold. 

Let AB represent a section it a concave spherical mirror, let C be 
its centre of curvature, and leri P be a point object. Then if rays be 
drawn diverging from P at all angles, by making their angles of reflection 
equal to their angles of incidence they may be found graphically to 
occupy after reflection the positions shown in the figure. 

Only the rays reflected from the neighbourhood of A pass through 
the image of P at Q ; the others intersect the axis between A and Q. 
^JIy two rays reflected from neighbouring points of the mirror intersect 
each other before reaching the axis, and these points of intereection 
Ue on a caustic. All the reflected rays touch this curve, and it has a 
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cusp at Q. The form of the caustic alters, of course, if P moves along 
the axis. Owing to the reflected rays coming closer together at the 
caustic, a bright curve is formed on a piece of paper or other white 
surface there. A familiar example of this is nearly horizontal sunlight 
shinin g into a teacup filled almost to the top with milk. Here the 


B 



inside of the cup acts as mirror. A better way of producing the caustic 
is by means of a piece of polished steel spring bent circular and placed 
on a drawing-board. 

The shape of the caustic curve can be determined graphically for 
other positions of in the same way. 


Kxamples IV 

1. A concave spherical mirror has a focal length of 10 cm. Find 
the position, size, and nature of the image, when the object is 2 cm. 
high and distant (i) 24 cm., (ii) 6 cm. fi'om the mirror Verify by the 
graphical construction. 

2. A concave spherical mirror has a radius of curvature of 24 cm. 
Find the position, size, and nature of the image, when the object is 
1 cm. high and distant (i) 18 cm., (U) 6 cm. from the surface of the 
mirror. Verify by the graphical construction. 

3. A convex spherical mirror has a focal length of 10 cm. Find 
the position, nature, and size of the image, when the object is 2 cm. 
high and distant (i) 24 cm., (ii) 6 cm. from the mirror. Verify by the 
graphical construction. 

4. A convex spherical mirror has a radius of curvature of 24 cm. 
Find the position, size, and nature of the image, when the object is 
1 cm. high and distant (i) 18 cm., (ii) 6 cm. from the surface of the 
mirror. Verify by the graphical construction. 

5. The radius of a curvature of a concave mirror is 20 cm. Find 
the positions of the object for which a real image three times its height 
and a virtual image twice its height are formed. 
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6. A gas flame is placed at a distance of 6 ft. from the wall of a room. 
Find the radius of curvature of a concave spherical mirror, and where 
It must be placed, in order that it may produce on the wall an image 
of the flame magnified four times. 

7. An unlit gas burner is placed 3 ft. in front of a concave mirror 
of radius 2 ft. Where must a flame be placed, so that its image may 
appear to come out of the unlit burner ? Should the flame be erect or 
inverted ? 

8. An object is placed at a distance of Jr in front of a concave mirror 
of radius r. Show that the image is erect, virtual, and magnified 
three times. 

9. An image produced by a concave mirror is n times the size of 
the object. What is the distance of the latter from the mirror in terms 
of the focal length ? 

10. If the image formed by a concave mirror is 5 in. distant from 
the object, and the mirror itself is 4 cm. distant from the object in the 
other direction, find the radius of curvature of the mirror. 

11. An object is held in front of a convex mirror, at a distance equal 
to the focal length of the mirror. Determine the size, nature, and 
position of the image. 

12. A pencil of rays converging to a point 30 cm. behind a mirror, 
is brought to a focus, by reflection from its surface, at a point 15 cm. 
in front of the mirror. State whether the mirror is convex or concave, 
and determine its radius of curvature. 

13. A small object on the axis of a concave mirror at a distance of 
20 inches from it produces a virtual image which is three times its own 
size. Find the focal length of the mirror. 

14. Describe what you see, when you look at your image in a concave 
mirror, and move backwards slowly from the mirror. 

15. A plane mirror is placed 3 ft. in front of a concave mirror of 
1 ft. focal length. Find where an object must be placed between the 
two mirrors in order that the first two images may coincide, 

16. A concave and a convex mirror each 15 cm. in radius are placed 
opposite to each other and at 40 cm. apart. A point source of light is 
situated midway between them, and a pencil of rays from it is reflected 
first at the convex, then at the concave mirror. Find the position of 
the image formed. 

17. A narrow strip of plane mirror is placed between a vertical 
knitting needle and a convex mirror. The distance between the mirrors 
is 4 in. WTien the needle is 7 in. from the strip, it is found that the two 
virtual images appear to coincide. What is the focal length of the 
mirror ? 


CHAPTER V 


LENSBS 

Lenses. —A lens is a portion of a refracting medium bounded by 
two spherical surfaces or by one spherical surface and a plane 
surface. The straight line joining the centres of curvature of 
the surfaces is called the axis of the lens, or, if one of the surfaces 
is plane, the axis 
is the straight A 
line normal to it | j 
drawn thi’ough I j 
the centre of V 
curvature of the A 6 C O £ - F 

other. A plane Fic. 327 .—Types of lenses, 

through the axis 

is said to be a principal section of the lens. A lens forms an image 
of an object situated on its axis. 

Lenses are divided into two classes. The first class, convex 
or converging lenses, cause a beam of parallel rays to converge ; 
the second class, concave or diverging lenses, cause a beam of 
parallel rays to diverge. Fig. 327 gives the principal sections of 
some typical lenses. Of these. A, B, and C are convex j D, E, and 
F are concave. A is termed a double-convex or bi-convex lens, 
B a plano-convex lens, and C a convex meniscus, while D is termed 
a double-concave or bi-concave lens, E a plano-concave lens, and 
F a concave meniscus. C and F are termed also, somewhat 
indiscriminately, convexo-concave and concavo-convex lenses. 



Fig. 328. F,G. .329. 


Figs. 328 and 329 show beams of parallel rays parallel to the 
txis incident on a convex and a concave lens respectively. The 
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rays are in each case going from right to left. After passing 
through the convex lens the rays meet in a point, the focus of the 
lens; after passing through the concave lens the directions of the 
rays produced backwards meet in a focus. The distance from the 
lens to the focus is in each case called the focal length of the lens, 
and is usually denoted by/. 

Fig. 330 represents a beam of parallel rays incident on a convex 

lens and making an angle 
with the axis of the lens. 
In this case they meet in a 
point P directly below the 
focus, F. Or, in other words, 
P is situated in the plane 
drawn through F at right 
angles to the axis of the lens. 

The direction of a ray of light which passes through the centre 
of a lens is unaltered, because to such a ray it acts simply as a 
parallel plate. / 

Graphical Determination of Position of Image. —If the 

properties of the focus and the centre of the lens are assumed, the 
position of the image can be determined very easily graphically. 
P’or let Fig. 331 represent the case of a convex lens forming a real 
image. The arrow Pp drawn at right angles to the axis represente 
one half of the object. From p a ray is drawn parallel to the axis 
to meet the lens in B. After refraction by the lens it passes 
through the focus F. From p another ray is drawn through C, 
the centre of the lens. It passes through undeviated. The point 



Fiq. 330. 



where the two rays intersect, that is, q, is the image of p, and the 
perpendicular to the axis, ^Q, is the image of pP. 

The rays BF and pC may not meet to the left of the lens, in 
which case a virtual image is formed. Fig. 332 represents this case. 
The rays BF and pC are drawn in the same way as before, and 
their directions produced backwards meet at g; a virtual image 
of Pp is formed at Qq. 

Pig. 333 represents the case of a concave lens. The ray px> is 
drawn parallel to the axis as before. After refraction by the lens 
it appears to diverge from the focus F. It consequently intersects 
the ray pC at and a virtual image of Pp is formed at Q< 7 . 
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In Figs. 331, 832, and 838 only two representative rays are 
drawn from the point p. This is all that is necessary in order to 
determine the position of the image. In order to show more 
clearly how the lens acts, the paths of all the rays diverging from 



p and incident on the lens are represented for the same three cases 
in Figs. 33-1, 335, and 336. And similar diagrams might be drawn 
for the rays diverging fmm every point in the object. 

Formula for Lenss^^he positions of the object and image 
formed by a lens are connected by a formula similar to the oi>e 
already proved for the spherical mirror. We shall denote the 
distances of the object, image, and focus from the centre of the 
lens by the symbols m, i>, and /. These symbols are to be used 
algebraically. If, for example, the object is 40 cm. to the right 
of the lens, u=-f-40 ; if it is 40 cm. to the left of the lens, u= —40. 



The formula can be proved from Figs. 381, 332, and 338. Con¬ 
sider first Fig. 331, the case of a convex lens forming a real image. 


hence 


CB=Pp 

CB^Pp 

Q? ~Qq 


Triangles FQ^ and FCB are similar, as are also triangles CQ^ and 
CPp. Hence 

CB CF Pp CP 

<iq QF Qq~CQ 

But the left-hand sides of these two equations are already equal ; 
hence 

CF CP 
QF'^CQ 


4 
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But CF=/, QF=*-FQ=-(CQ-CF)^-»+/, CP=w and CQ=». 
Hence, substituting 

/ 

—u-f-/ V 

vf= — uv-\-uf 
uf — vf=uv 

and, on dividing out by uvft 

1 _ 1_1 
V u~f 

the required formula. ' 

If Figs. 332 and 838 are considered instead of Fig. 331, it will 
be found that the above proof holds equally well for these figures 
also. Hence the formula in its algebraic form is true for all possible 
cases of image formation by a lens. 

Formula for Magnification. —The ratio of the length of the 
image to the length of the object is called the linear magnification, 
or simply the magnification. From Figs. 331, 332, and 333 we have 


Magnification = 


Qj_CQ_ V _distance of image from lens 

Pp CP'^w distance of object from lens 


When the ratio vju is positive, the image is erect; when it is 
negative, the image is inverted. This may be verified by an 
inspection of the three figures. 

Conjugate Points. —It is clear from Fig. 334, that for a convex 
lens forming a real image the positions of object and image are 
interchangeable. If a real object is placed at g-, a real image is 
formed at p. Hence p and q are called conjugate points. The 
term is extended to include also the cases represented in Figs. 335 
and 336 where the image is virtual. In these cases the object 
placed at q must not be a real one but a virtual one, otherwise 
there is no image formed at p. The rays must fall on the lens from 
the left, as if they were going to converge to a point at q; the 3 ' 
are then brought by the lens to a real image at p. 

It is the same with the case of a spherical mirror forming a 
virtual image ; if the virtual image is replaced by a virtual object, 
a real image is formed in the position of the former real object. 


KxAMPiiE.—A convex lens has a focal length of 24 cm. Find the 
position, size, and nature of the image formed of an object 1 cm. high, 
when the latter is situated (i) 60 cm., (ii) 12 cm. from the lens. 

In the first case we have u—60 and /=—24, since it is the focus 
on the other side of the lens that is used. Therefore 
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40/C0. Hence 


which gives v =—40 cm., and the magnification = 
the image is f cm. high and real and inverted. 

In the second case 

1 _ 1 

V 12 24 

which gives t>=24. The magnification is 24>ll2. The image is conse¬ 
quently on the same side of the lens as the object, 2 cm. high, virtual 
and erect. 

Kxamfl£. —The focal length of a concave lens is 30 cm. Find the 
position, size, and nature of the image, when the object is distant 40 cm. 
from the lens, and is 1 cm. high. 

We have 

1_-L = i_ 

V 40 30 

Hence u = 17-l and the magnification is -f-xJ 5 =y. The image is 
consequently j cm. high, and virtual and erect. 

EXAAIP 1 .C.—Rays of light from a luminous object are brought to a 
focus at a point P. A convex lens of 10 cm. focal length is then placed 
12 cm. from P, so as to intercept the rays before they meet at P. If 
now they meet at Q, find the distance PQ. Where else could the lens 
be placed, so that, after passing through it, the rays might appear to 
diverge from Q ? 

Let us suppose that the rays are coming from the right. Then in 
the formula 12,/=—10, and 



V 12 10 


which gives o=—5*45 cm. PQ is therefore 6-55 cm. 

The other position is on the other side of P with Q as the virtual 
image of P. Let the distance of P from this position be u. Then 

1 

u+0'55 u 10 

which gives tt = 5-45 or —12 era. The first root gives us the position 
we are looking for, the second root merely the first position over again. 
(C/. Method 4 of p. 351.) 

Two Lenses in Contact.—Two thin lenses of focal lengths 
y*i and fz are placed in contact 
with their axes coincident. 

Their thicknesses are so small 
in comparison with the other 
distances involved, that the 
centre of the combination may 337. 

be taken anywhere on the axis 

inside the lenses. It is required to find the focal length of the 
single lens that is equivalent to the combination. 

Let Fig. 337 represent the combination, let P be the object, and 
let S be the image formed by refraction through the first lens alone. 
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S in its turn becomes the object for the second lens ; after passing 
through both lenses the rays form a final image at Q. 

Let the distances of P, S, and Q from the lenses be denoted 
by u, s, and v. Then, considering the action of the first lens only, 

1 1 _ 1 

Considering the action of the second lens only, 

1 

V 

By adding the above two equations, 

V u Va 

Now suppose that the two lenses are replaced by a single lens of 
focal length F which forms an image of P at Q. By applying the 
formula to this lens, 

V u~F 


Hence, from the equation immediately above, 

F /i /2 

This equation gives the required result. 


Determination of Focal Length of Convex Lens.—(1) The simplest 
method of determining the focal length of a convex lens is to form the 
image of a distant object, for example, a lamp or a window frame, on 
a screen, and then to measure the distance of the screen fi‘om the 
lens. Care must be taken that the distant object is far enough away 
for its image to be formed actually at the focus of the lens, otherwise the 
result will come out too large. 

(2) Arrange the optical bench as shown in Fig. 324 and adjust the 
position of the lens and the screen, so that a sharp image of the cross- 
wires is formed on the latter. Then measure u and v, the object and 
image distances. At the same time measure the length Pp of the 
horizontal cross-wire and the length of the image of the horizontal 
cross-wire. Repeat for different positions of the lens and enter the 
results in tabular form as follows : 
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/ is calculated from the first two columns by means of the formula* 
which takes the form 

v^u f 


for a convex lens producing a real image when used arithmetically, 
i.e. when the numerical values of u and v are substituted directly 
without prefixing their proper signs. The fifth and sixth columns give 
the magnification calculated in different ways, and they should agree, 
if the observations have been made correctly. 

The lengths of the cross-wire and its image can be measured simply 
with callipers or with a rule. In order to obtain greater accuracy a 
negative should be taken of a white paper scale and from this negative 
two positives made on lantern plates. These positives should be 
bound up with pieces of ground glass instead of cover glass, the ground 
side being next the photographic film. The two scales thus prepared 
are, of course, identical. They are mounted on the bench, one being 
used as object instead of the cross-wires and the other being used as 
image screen. The magnification is then found by getting the image of 
the one scale directly below the other and finding how many divisions 
on the one correspond to the whole length of the other. 

(3) Place the lens at the middle of the bench and arrange the 
cross-wires and image screen at equal distances from it. Then in 
general there will be no image formed. If now the distances of the 
cross-wires and image screen from the lens are gradually increased or 
decreased, their values being always kept equal to one another, positions 
will eventually be reached in which a sharp image is formed on the screen. 
Then u is numerically equal to o, and by substituting in the formula 
each is equal to 2/. If d is the distance between cross-wires and image 

d 

screen, / is numerically equal to 

(4) If d is numerically less then 4/, no real image is formed. If d 
is numerically greater than 4/, for every given position of the cross-wires 
and image screen two positions can be found for the lens in which it 
gives a real image. This follows simply from the nature of the formulae, 
for they can be written arithmetically 


v^u /’ 


u+v — d 


and thus u and v can be interchanged without their form being altered. 
Thus, if originally u = 10 cm. and = cm., and if the cross-wires are 
kept fixed and the lens moved out another 5 cm., so that u becomes 
15 cm. and v becomes 10 cm., an image again appears on the screen. 
The magnification in the one case is the reciprocal of the magnification 
in the other. 

If a is the distance between the two positions of the lens, a—v — 1 ». 
But d=v~\-u ; hence 2o=d+a, 2M = d—a, 

/ v~^u d-\-a~^d—a~d^—a^ 

■' 4d 


and 

or 
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Hence» if d and a are measured, / can be calculated. This method is 
called the double position method. 

Determination of Focal Length of Concave Lens.—If the object 
is real, the image produced by a concave lens is always virtual; if the 
image is real, the object is always virtual. Consequently the concave 
lens cannot be used alone on the optical bench with illuminated cross- 
wires and an image screen. Gither an auxiliary convex lens must be 
employed with it, or the position of the image must be determined by 
the parallax method. There are two methods which employ an 
auxiliary convex lens. It is necessary for the first of these (No. 1 below) 
that the auxiliary lens should be more powerful, i.e. have a shorter 
focal length than the concave lens. For the second method (No. 2 
below) any convex lens will do. The methods employing an auxiliary 
convex lens give more accurate results than the parallax method. 

(1) Place the concave lens and auxiliary convex lens together in 
close contact on stand B (Fig. 324) on the optical bench, and form a 
real image of the cross-wires on the screen. The combination acts as 



a convex lens ; determine its focal length F. Next determine the focal 
length / of the convex lens alone. Then f\ the focal length of the 
concave lens, is given by the algebraic formiila 


F /V 


The sign of /' comes out different from the signs of F and /. 

(2) Mount the convex lens alone on a stand, so as to form an image 
of the cross-wires on the screen at Q (Fig. 888). The concave lens is 
next mounted on another stand, and inserted at T between the convex 
lens and screen. The rays after passing through it become less con¬ 
vergent, and the screen has to be moved to S to bring the image again 
into focus. Then the focal length can be determined by the formula 

1 _1 
f’~~v u 

where TS —v and TQ=u. 

In this case the object is virtual and the image is real. 

(3) Mount the concave lens on a stand, and let the rays of light 
from the illuminated cross-wires fall on it. Mount a long pin on a 
piece of wood, and place it on the bench between the lens and cross- 
wires. Next look into the lens from the side opposite to the cross-wires ; 
a virtual image of the vertical cross-wire will be seen situated between 
the lens and cross-wire. Move the long pin about until there is no 
parallax between this virtual image and the long pin, seen over the 
lop of the lens. The distance of the long pin from the lens then gives v, 
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the distance of the cross-wire from the lens is, of course, u, and the focal 
length can be obtained from the formula. 

More Accurate Method of determining Focal Length.—^Thc methods 
described on pp. 850-352 for determining the focal length of a convex 
lens are very suitable for spectacle lenses with a focal length of 20 or 
80 cm., and give single results in this case which agree to about 1 milli¬ 
metre. If the focal length of a camera lens or of a magnifying glass 
or of a microscope objective is to be measured, or if greater accuracy 
is desired, it will be found advantageous to use the following method :— 

A horizontal paper scale is set up in a dark room and illuminated by 
a lamp. The lens is mounted a great distance in front of the scale, and 
forms a small aerial image of it. The length of this aerial image is 
measured by a vernier microscope {cf. Fig. 355), and the result divided 
by the length of the scale gives the magnification m. Let d be the 
distance of the object &om the aerial image. Tiien, if u and v are 
used arithmetically, 

m = -, d = u-\-v—u(\-\-m) 

/ l»^f4 

._ uv _ mu _ md 

^ u+u~l+m (1-fm)* 

m being usually so small, that the denominator may be made imity. 

For camera lenses 1 have taken a 50 cm. scale distant 12 metres. 
For microscopic objectives the distance should be much less. The 
vernier microscope should have both a horizontal and a vertical motion. 

Provided that d is much greater than /, the method gives accurate 
results for the focal lengths of thick lenses and systems of lenses, which 
is not the case with the methods described on pp. 350-352. The theory 
of thick lenses and systems of lenses is, however, beyond the scope of 
such a book as the present one. 

Combination of Lenses and Mirrors.—(1) Convex lens, plane mirror, 
inverted image. If a plane mirror is placed behind a convex lens, and 
an object is placed at the focus of the lens in front of the latter, an 
inverted image the same size as the object is formed coincident with or 
alongside of the object. For the rays are parallel after passing through 
the lens both before and after reflection by the mirror. 

(2) Convex lens, plane mirror, erect image. If the object is placed 
at twice the focal length of the lens on the one side, and the plane mirror 
at twice the focal length on the other, an erect image will be formed 
coincident with the object. This arrangement works well, however, 
only with a small object ; better results are given with a concave mirror 
of radius equal to twice the focal length of the lens. 

(3) Concave lens and concave mirror in contact. Let / and f' be 
respectively the numerical values of the focal lengths of the mirror and 
the lens. Then it may be shown that the combination acts as a concave 
mirror, the focal length F of which is given by 

_1^1_2 
F / r 


But 

hence 
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This is analogous to the formula given on p. 350. The 2 is due to the 
fact that the light goes through the lens twice. The case of a plane 
mirror can be included in the above formula by making/ infinite. The 
cases of convex mirror and convex lens can also be included by giving 
the proper signs to / and /'. 

In all problems where the image is made to coincide with the object 
itself by refraction through a lens and refiection at a mirror, it is clear 
that rays diverging from a point on the axis must return along the same 
path. They must therefore travel along a normal to the mirror, and 
consequently the image formed by the first refiraction is situated at 
the centre of curvature of the mirror. 

Tracing the Position of the Image. —In the formula for the 
lens 

L 

V u f 

write u=—f+x and v=f-{-y. Then, if we mark the positions 


Fig. 339. Fig. 340, 

of the focus on both sides of the lens, x and y obviously denote 
the distances of the object and image from these points, as shown 
in Figs. 339 and 340, where P and Q are object and image 
respectively. Hence 

_ 1 1 

f-¥y —/ 

/< -/+^) -fif+y)={f+y){ 

and xy = —/2 

This equation may be used for tracing the change in position of 
the image, when the position of the object is varied, as has been 
done in the corresponding case of the mirror on p. 340. But 
the results are probably obtained more easily and certainly with 



Fig. 341. 


less risk of error from the graphical construction. They art 
shown below in tabular form ; the table at the same time gives 
the character of the image. The references are to Fig. 341; C and 
C' are twice as far out from A as F and F'. 
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TABLE OP RESULTS 

Position of Object 
At infinity. 

Between oo and C'. 

At C'. 

Between C' and F'. 

At F'. 

Between F' and lens. 

CONCATC Lens 

Position of Object Position of Image Character of Image 

At infinity. At focus. Virtual. 

Between oo and lens. Between focus and Virtual, erect, dimin* 

lens. ished. 

Refraction at a Spherical Surface. —Let us suppose that the 
common boundary of two transparent media is spherical in shape, 
and that the rays emitted by a luminous point P in the first 
medium are refracted at the spherical boundary. Let fj. be the 
index of refraction of the second medium with respect to the first. 
In order to have clear ideas the first medium may be thought of 
as air and the second as glass, but the results will be perfectly 
general. Just as in the case of the spherical mirror, the refracting 
surface may be either concave or convex with respect to the 
point P. We shall first take the case that it is concave. 

Join P to C, the centre of curvature of the surface, and let PC 
meet the surface in A. Let PB be any ray making a small angle a 
with PC and meeting the ^ 
surface at B. CB is the 
normal to the surface at B. 

After refraction the ray 
will proceed as if it came 
from Q. Let /.CBP=^ 
and ^CBQ=d. Then by 
the law of refraction 
sin sin 0. Since the angle a is small, the angles ^ and 6 

must also be small. Hence this equation may be written 

tl>=fj.0 

Let ^ AQB=y and 4^ACB=i3 

Then —a 

and on substituting in the above equation this gives 

— y) or /xy—a=0*—1)^ 



Convex Lens 
Position of Image 
At focus. 

Between F and C. 

At C. 

Between C and v = 
— 00 . 

At V= — 00 . 

Between OsH~ <30 and 
lens. 


Character of Image 

Real. 

Real, inverted, dimin* 
ished. 

Real, inverted, same 
size. 

Real, inverted, mag¬ 
nified. 

Virtual, erect, mag¬ 
nified. 



356 


LIGHT 


Now let AP=w, AQ—u, and AC = r, where w, », and rare alJ 
measured positive to the right of A. We may then write 

AB 
r 


AB 


AB 


and ^ — 


and on substituting these results and dividing out the common 
factor we obtain 

M 1 

V u r 

If the point P is on the other side of C, ^=a—/S and 0=y—JS, 
but the proof is otherwise the same. Thus all rays diverging from 

P and making a small 
angle with AP appear 
to come from Q after 
refraction, or in other 
words, a virtual image 
of the point P is formed 
Fig. 343 . at Q. 

If the refracting 

surface is convex (Figs. 343 and 344), there are two cases accord¬ 
ing to whether BQ meets AP to the left or the right of A. 

If we take the former case (Fig. 343), 6=^ —y, and 

consequently 

/xy+a=(^ —1)^ 



Since a = ^5, v = —and S=—this reduces to the former 

u ^ V r 

result. In this case the image is real. 

If we take the latter case (Fig. 344), 


therefore 


In this case a=AB/w, y=AB/u, and AB/r, so the final 

equation is once more the same. In this case the image is virtual. 

If in Figs. 342, 348, and 
344 the refracting surface, 
and consequently C, is kept 
fixed, and PC rotated through 
a small angle about an axis 
through C perpendicular to 
F^o. 844. the plane of the paper, P and 

Q describe small arcs which 
may be regarded as straight lines, and the one straight line is the 
image of the other. 



Example.—A small air bubble in a sphere of glass of 4 cm. diameter 
»|,pearB to be 1 cm. from the surface, when looked at along a diameter. 
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If the refractive index of the glass is 1 -52, find the true position of tht 
bubble. 

The formula is 

I M 

V U T 

since the object is inside the glass. Let us suppose that the eye U 
looking towards the right. Then i> = l, r=2, and 

1 l-52_ 0-52 

1 u “ 

which gives u = l-21 cm. Thus the air bubble appears nearer than it 
really is» the same as in the case of a glass slab. 

Refraction through a Lens. —In proving the formula for the 
lens on pp. 847-48, we assumed both the properties of the focus and 
the centre of the lens, and also the fact that the lens forms images. 
We shall now prove the same formula without making these 
assumptions ; the proof will be based on the formula for refraction 
at a spherical surface, and so 
will assume nothing but the A 

law of refraction. f \— ^ 

1 represent a ’■* v brF, * P ' 

lens which is placed in a V 

medium with reference to Fig. 345 . 

which the index of refraction 

of its material is p.. Let a luminous point P be situated on its 
ajas at a distance u from its first surface. Let rj and rg be the 
distances of the centres of curvature of the two surfaces each 
measured from its own surface, and let t be the thickness of the 
lens measured along its axis. 

An image of P is formed by refraction at the first surface. Let 
its distance from the first surface be s. Then by the formula for 
refraction at a spherical surface 

1 u —1 

u~ ri~ . 

The image is distant from the second surface of the lens and 
a second image is formed of it by refraction at the latter. Let v 
be the distance of the second image from the second surface. Then 
appl^ng the formula a second time, remembering that J/u now 
fills the position formerly occupied by fj,, * 



V s-\-t r2 

I_M_ 


V s+t r. 


or 
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Let us now suppose that the lens is thin» and that it may be 
neglected in comparison with s. The above equation thus becomes 


1 fJL _1— fjL 

V 8~ 



Add the left-hand and right-hand sides of equations (1) and (2) 
and we obtain finally 



If the object is at an infinite distance from the lens, the incident 
rays are parallel, Iju—O, and v is given by 

As has already been mentioned, this quantity is denoted by /, 
and is called the focal length of the lens. If/is substituted in (3) 
the fundamental equation of the thin lens becomss 

V u f 

the formula we have already obtained. But in proving the 
formula this time, we have made no other assumption than the 
law of refraction. 

Formula for Focal Length of Lens. —In using the equation 
for/, 

due regard must be paid to the signs of rj and r 2 . If the lens is 
bi-convex or bi-concave, the surfaces are turned different ways 
and ri and ra have different signs. Which is positive and which 
is negative depends upon whether the lens is bi-convex or bi¬ 
concave, and also on which side the lens is to the sight of the 
page but in any case, after the numerical values are substitutecL 
the two terms in the second bracket must have the same sign 
If the lens is a meniscus one, and r 2 have the same sign, and 
•the numerical values are substituted the two terms in the second 
bracket have consequently different signs? the two ci^ed 
surfaces partly neutralise one another. If the lens is plano¬ 
convex or plano-concave, cither ri or r 2 becomes infinite. 


ExAiiPLE.—The radii of curvature of the two faces of a concave lena 
are lO and 20 cm., and the refractive index of the glass of which it is 
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made is 1*5. Find the numerical value of the focal length (a) if the 
lens is bi-convex, (6) if it is convex meniscus. 

We have in the first case 

^=(1S-I)(i + ^). i.e./=13 3 cm. 
and in the second case 

^=(l-6-l)(i-5'5). f.e./=40 cm. 

Optical Centre of a Lens. —If a ray of light passes through a 
lens undeviated, that is, if its direction after emergence is 
parallel to its direction before incidence, the lens must act on it 
merely as a parallel slab, and the tangent planes at the points of 
incidence and emergence must be parallel. 

Let E 1 G 1 G 2 E 2 be such an undeviated ray. Then the radii 
CjGi and C 2 G 2 perpendicular to the tangent planes must be 
parallel. Let G 1 G 2 cut the axis of the lens at C. 

Triangles C^CGi and C 2 CG 2 are similar, for <^GiCiC= .^G 2 C 2 C, 
since C^Gi is parallel to C 2 G 2 » and ^CjCGx= ^C 2 CG 2 » Ihus 
CiC ; CgC : : C^Gi : C 2 G 2 , or, in other words, the distance 
between the centres is divided in the ratio of the radii and C is 
a fixed point. All rays, therefore, that are undeviated by the 



lens pass through a fixed point on the axis. This point is called 
the optical centre of the lens. 

Conversely, if any ray passes through the optical centre, it 
is undeviated, for, if the radii be drawn to the points of incidence 
and emergence, they can be proved to be parallel. 

Fig. 846 is exaggerated for the sake of clearness. It is never 
necessary to consider rays incident so obliquely as EiG^. When 
the lens is thin, we may regard its optical centre and the two 
points in which the axis meets its surface as coincident. 

We assumed, on p. 346, that rays which passed through a lens 
near its centre would be undeviated, or would suffer a very slight 

N 
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deviation, because in this region the lens has almost the same shape 
as a plane parallel plate. We have now proved, that for rays 
passing through a certain definite point the property is not 
approximately but absolutely true. 

Cylindrical Lenses.—Let us suppose that the surfaces of a 
thin piece of glass are cylinders, the axes of which are parallel. 
Such a piece of glass is called a cylindrical lens. 

If a section is made of it by a plane at right angles to both 
axes, it has the same shape as the section of a lens with spherical 
surfaces. Consequently any pencil of rays diverging from a 
point in this plane is brought to a focus by the lens. On the other 
hand, the section by any plane parallel to the axes is the same as 
the section of a ttun plate with parallel sides. Consequently a 
pencil of rays in this plane is unaffected by the lens. 

A cylindrical lens thus forms images only of lines parallel 
to the axes of its surfaces. If such a lens is placed on the optical 
bench with its axes parallel to one of the cross-wires, it forms a 
sharp image of that wire, but no image at all of the other wire. 
As far as the other wire is concerned, the lens acts merely as a 
plane parallel plate. 

With this limitation the focal lengths of cylindrical lenses and 
mirrors can be determined on the optical bench in the same way 
as the focal lengths of spherical lenses and mirrors. 


Examples V 

1. A convex lens has a focal length of 30 cm. Find the position, 
size, and nature of the image formed of an object 2 cm. high, when the 
latter is situated (i) 80 cm., (ii) 10 cm. from the lens. 

2. A convex lens has a focal length of 18 cm. Find the position, 
size, and nature of the image formed of an object 1 cm. high, when the 
latter is situated (i) 12 cm., (ii) 60 cm. from the lens. 

3. A gas flame is at a distance of 8 ft. from a wall. Where must a 
convex lens of 1 ft. focal length be placed in order to form a sharp 
image of the flame on the wall ? 

4. A concave lens has a focal length of 25 cm. Find the position, 
size, and nature of the image formed of an object 2 cm. high, when the 
latter is 40 cm. from the lens. 

5. A concave lens has a focal length of 18 cm. Find the position, 
size, and nature of the image formed of an object 1 cm. high, when the 
latter is situated (i) 54 cm., (ii) 12 cm. from the lens. 

8. A beam of light converges to a point P. A convex lens of focal 
length 20 cm. is then placed 30 cm. from P, so as to intercept the rays 
before they meet at P. If now they meet at Q, how far is Q from the 

lens ? 
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What would be the effect of replacing the convex lens by a concave 
lens of the same focal length in the same position ? 

7. An intense point source of light is situated 10 ft. from a wall, 
and a convex lens of focal length 18 in. is placed directly between the 
source and the wall at a distance of 3 ft. from the source. What is the 
diameter of the circle of light thrown by the lens on the wall ? The 
diameter of the lens is 3 in. 

8. A convex lens is mounted on an optical bench, and it is found, 
that when the object distance is 27*3 cm., the image distance is 42*7 cm., 
and that when the object distance is 56*0 cm., the image distance 
is 23-6 cm. Find the mean value of the focal length of the lens. 

9. In order to determine the focal length of a convex lens it is used 
to form an image of a lamp at a distance of about 5 metres. The lamp 
is supposed to be infinitely far off, and the distance of the image from 
the lens, which is found to be 24*2 cm., is then taken to be the focal 
length of the lens. Calculate the magnitude of the error involved. 

10. Show that a convex lens cannot form a real image on a screen 
which is distant less than 4/ from the object. 

11. If an object at a distance of 14*0 cm. from a convex lens has its 
image magnified three times, what is the focal length of the lens ? 

12. At what distance from a convex lens must an object be placed, 
in order that the image may be (i) real and magnified three times ; 
(ii) virtual and magnified three times ? Kxpress your result in terms of 
the focal length. 

13. An image of the moon is formed on a piece of white cardboard 
by means of a lens, and the diameter of the image is measured, and 
found to be 6 mm. Find the focal length of the lens, given that the 
moon subtends an angle of 31' at the surface of the earth. 

14. A camera is provided with a little celluloid scale, on which are 
marked the positions at which the lens must be placed in order to 
photograph objects at infinity, 15, 10, 5, 3, and 2 ft. respectively. 
Construct a plane of this scale, given that the focal length of the lens 
is 5*2 in. 

15. A lantern slide SJ in. square is to be projected on a screen 8 ft. 
square at a distance of 30 ft. What is the focal length of the lens 
required ? 

16. A quarter plate, 4^ by 3i in., is to be enlarged to whole plate 
size, 8i by 6^ in., by means of a lens of 5^ in. focal length. How far 
should the negative and printing paper be placed from the lens ? 

17. Light from a luminous object passes through a concave lens and, 

after reflection from a concave mirror, forms a real inverted image of 
the object between the lens and the mirror. Make a diagram showing 
the path of the rays from a comer of the object. * 

18. The plane side of a plano-convex lens is silvered, and the lens 
then acts like a concave mirror of 20 cm. focal length. Calculate the 
radius of curvature of the convex face, given that the refractive index 
of the glass is 1*62. 
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19. A small air bubble in a sphere of glass 5 in. in diameter appears 
to be 2 in. from the surface, when looked at along a diameter. If the 
refractive index of the glass is 1-50, find its true position. 

20. A convex lens throws a real image on a screen. A glass slab 1 in. 
thick is placed between the lens and screen, and the image becomes 
indistinct. How far and in what direction must the screen be moved 
in order to make it sharp again ? Illustrate your result with a diagram. 
The index of refraction of the glass is 1*52. 

21. Find the focal length of a plano-convex lens, given that the 
radius of curvature of its convex surface is 40 cm., and that the refractive 
index of its material is 1-523. 

22. The radii of curvature of the two faces of a concave lens are 12 
and 24 cm., and the refractive index of the glass of which it is made u 
1-5. Find the numerical value of the focal length : {a) if the lens is 
bi-concave ; (b) if it is concave meniscus. 

23. A convex lens of 20 in. focal length forms an image of an arrow 
which lies along the axis of the lens with its mid-point 30 in. from the 
lens. The length of the arrow is 2 in. Find the length of the image. 

24. A lens of focal length 10 cm. made of glass of re&active index 
1*52 is immersed in a long tank filled with water 1 metre from the end 
of the tank. It forms an image of this end on a screen held tmder 
water near the other end of the tank, i.e. both object and image are 
under water. The index of refraction of water is 1*38. How far is 
the screen from the lens ? 

25. A convex and a concave lens each of 8 in. focal length are held 
coaxially at a distance of 4 in. apart. Find the position of the image, 
if the object is at a distance of 12 in. beyond (o) the convex lens, (d) the 
concave lens. 



CHAPTER VI 


OPTICAL INSTRUMENTS 

Magnifying Glass. —^The apparent size of an object depends on the 
angle which it subtends' at the eye j the nearer it is brought to 
the eye, the larger it appears. If, howev'er. it is brought nearer 
than a distance of 10 or 12 in., the eye either cannot focus it, or 
has to make an exertion to see it distinctly. Hence this distance, 
which is called the distance Of distinct vision, is the most favourable 
position for examining the detail of an object. 

Let AB be a convex lens of small focal length placed before the 
eye at E, let F be its focus, and let Pp be an object within its focal 



length. Then on applying the usual graphical construction, the 
image is found to be at Qq. All rays proceeding from Pp to the 
eye, after refraction by the lens, appear to come from Q^. 

In using a magnifying glass we hold it so that the image is at 
the distance of distinct vision. Thus the distance of Q from the 
eye is equal to D, the distance of distinct vision, or, since the eye 
is near the lens, we may put AQ=D. If the object Pp were to be 
examined by the eye direct, it would have to be placed at Q. 
The magnification, that is, the ratio of the apparent lengths with 
and without the lens, is thus Qg/Pp. But by similar triangles 

Qg AQ D 
Pp AP-f 

since AP is almost equal to /, the focal length of the lens. Tfie 
magnification is consequently equal to D//. 

863 
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A single convex lens used as above is sometimes called a simple 
microscope. Instead of a single lens a combination of thin 
lenses may be used cemented together, for example, two concave 
meniscus lenses of flint glass separated by a double convex lens of 
crown glass. Such a combination gives a sharper image. 

Gxpcrimknt. —Hule two lines on a card, and look at them through 
a magnifying glass held close up to one eye. At the same time look 
with the other eye at a scale placed at the distance of distinct vision. 
By getting the image of the lines to superimpose on the scale, and 
measuring the distance between the lines, the magnification can be 
determined. Compare it with the theoretical value. 


Astronomical Telescope. —^A microscope is used for obtaining a 
magnified image of a near object. Telescopes are employed for 

H 



Fio. 848.—Telescope. Diagram lor magnification formula. 


obtaining distinct vision of distant objects. They are of two 
kinds, refracting and reflecting, but the same principle underlies 
them all. An inverted* image of a distant object is formed by 
means of a convex lens—the object glass—or a concave mirror; 
then this image is examined by an eyepiece. 

The most important form of refracting telescope, the 
astronomical telescope, was invented by Kepler in 1611. The 
eyepiece of this telescope is usually a compound one, consisting 
of two lenses an interval apart. It fulfils the same function as 
the magnifying glass described in the preceding section, and could 
be replaced by a single convex lens. In order to make the explana¬ 
tion of tlie instrument simpler, we shall, therefore, suppose the 
compound eyepiece replaced by a single magnifying lens. The 
theory of the instrument is then represented in Fig. 348. 

AB is the object glass and CO the eyepiece. The object glass 
forms a real and inverted image ME of the distant object very 
near its focus. BM and BE are the two undeviated rays from the 
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extremities of the distant object through the centre of the object 
glass to the extremities of this image. Let F and F' be the two 
foci of the eyepiece. Draw from M a ray MC parallel to the axis 
and a ray MO through the centre of the eyepiece ; then, by the 
graphical construction, we find that a virtual image of ME is 
formed at HG. 

The magnifying power of the telescope is measured by the 
ratio of the angle subtended at the eye by the image in the telescope 
to the angle subtended by the distant object itself. Now the 
length of the telescope is short compared with the distance of 
the distant object. Hence the angle subtended by the distant 
object at the eye is 2a (see Fig. 348). The eye is held close up to 
the eyepiece ; hence the angle subtended by the final image HG 
at the eye is 2)3. Consequently the magnifying power is 

^ MD/OD _BD 

2a a MD/BD OD 

since the angles are small. But BD and OD are almost equal to 
the focal lengths of the object glass and eyepiece respectively. 
Hence the magnifying power of the telescope is equal to 

Focal length of object glass 
Focal length of eyepiece 



V 


Fio. 349.—Telescope. Diagram for path of rays. 

Fig. 348 is drawn for the purpose of proving the magnification 
formula. Fig. 349 shows the path of a beam of parallel rays through 
the same telescope to the eye of the observer. The object is so 
far away that the rays incident on the object glass from any 
point on it are parallel. A similar diagram might be drawn for 
every single point on the image. It is clear from the diagram, that 
the telescope inverts the image, t.e. makes objects appear upside 
down. 
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The advantage of the compound eyepiece over the magnifying 
glass is that it gives sharper images. The object glass of the 
astronomical telescope usually consists of two lenses, cemented 
together, made of different kinds of glass ; the reason for this is 
given on pp. 392—394. The amount of light received by a telescope 
is proportional to the area of the object glass ; if half the surface 
of the latter is covered, the image in the field becomes fainter, but 
it still remains in focus. 

Resolving Power of a Telescope. —^The magnification of a 
telescope is given by the ratio of the focal length of the object 
glass to the focal length of the eyepiece. Hence if we were to 
increase the focal length of the object glass three times, say, 
keeping its diameter constant, the magnification would be 
increased three times. But nothing would be gained by this ; 
the image in the field would become three times larger, but no 
fresh detail would be revealed. It would be like pulling out an 
elastic sheet on which a picture is painted. 

When a telescope is focussed on a star, the image in the field 
is not a point, but a small disc surrounded by one or two faint 
concentric rings. When a telescope is focussed on an extended 
object, each point of the object forms its own disc, and thus the 
image has a definite grain. 

If two stars are very close together, they are'seen as one. If, 
however, the centre of the disc image of the one has separated a 
certain distance from the centre of the disc image of the other, the 
eye recognises them as two. It is found that the angle subtended 
by the two stars at the eye of the observer, when their images 
in the telescope can just be separated, is 

5-0 

d 

measured in seconds of angle, where d is the diameter of the 
object glass measured in inches. This angle is called the resolving 
power of the telescope. Thus, if d is two inches, the resolving 
power of the telescope is 2^ sec. The greater the resolving 
power, the finer the grain of the image, and the greater the detail 
that can be recognised in the object. 

The resolving power of a telescope depends wholly on the 
diameter of the object glass. The object glass of the Yerkes 
telescope, the most powerful one employed hitherto for astro¬ 
nomical observation, has a diameter of 40 in. and a focal length of 
65 ft. Its resolving power is consequently about ^ see. To 
grind and polish this objeet glass required great care and took a 
long time. It is also extremely difficult to obtain pieces of glass 
this size of the necessary homogeneity, and it is possible that if 
the object glass were larger it might strain under its own weight. 
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So that the limit of resolving power in telescopes is probably 
nearly reached. 

The most interesting objects on which to try a telescope are 
the planets Venus, Jupiter, and Saturn. Their apparent angular 
diameters vary from 11 to 67 sec., 32 to 50 sec., and 14 to 20 sec. 
respectively, according to their positions in the heavens. An 
astronomical telescope of the kind fitted to the larger spectro* 
meters usually shows the phases of Venus and four of Jupiter’s 
moons, but is not powerful enough to bring out Saturn’s rings. 

To measure the Magnification of a Telescope.—Set up a horizontal 
white scale at a great distance, and fix a sliding mark on it. Focus the 
telescope on the scale, and observe the latter simultaneously with one 
eye through the telescope and with the other direct. The two images 
superimpose. The mark is then moved along the scale until the image 
of the part cut off by it, as seen through the telescope, is equal in length 
to the whole scale as seen direct. The magnification is then obtained by 
dividing the length of the whole scale by the length of the part cut off. 

To measure the Resolving Power of a Telescope.—Get a piece of 
fine wire gauze about an inch square, and count the number of wires 
there are per centimetre. Hence calculate the separation between the 
centres of two adjacent wires. Mount the gauze in front of a lamp in a 
darkened room, with a piece of ground glass behind it in order to give a 
uniformly illuminated background, or place it against a window with a 
north sky as background. Then find the greatest distance at which the 
wires of the gauze are seen separate through the telescope ; when this 
distance is determined, one step further away from the gauze is sufficient 
to make the latter appear one uniform blur. The separation between 
two adjacent wires of the mesh divided by this distance gives the 
resolving power in radians, from which it can easily be reduced to 
seconds. 

The Galilean Telescope. —The great disadvantage of the 
astronomical telescope is that it inverts the image. This does 
not prevent its employment in 
astronomy or in spectroscopy, 
where it does not matter 
whether the image is upside 
down or not, but it renders it 
unsuitable for general terres¬ 
trial use. 

The Galilean telescope, 
which was made and used by 
Galileo a year or two previous 
to Kepler’s discovery of the astronomical telescope, gives an erect 
image. It differs from the astronomical telescope solely in the 
eyepiece. This consists of a single concave lens. 

In Fig. 350 a convergent pencil of rays is incident on the con¬ 
cave lens from the right. Two rays of the pencil. Bp and qA, are 


t 
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shown. If the concave lens were removed, the pencil would form 
a real image at p ; but as it is, only the directions produced pass 
through p, and p acts as a virtual object. The ray qA. passes 
through the centre of the lens, and is consequently undeviated, 
and the ray Bp appears after refraction to come from the focus F. 
Consequently a virtual image is formed of p at q. Let us suppose 
that AQ is the distance of distinct 'vision D, and that AF, the focal 
length ft is small in comparison with D, Then AP is almost equal 
to f. Consequently the magnification 

Qg AQ D 

by similar triangles. 

The concave lens therefore acts as a magnifying glass just 
as the convex lens in Fig. 347. But there are two important 
differences. The concave lens can be used only with 'virtual, 
aerial images; it could not be employed to magnify any real object, 
for example, a diagram on a piece of paper. Also it inverts the 
image. But as the object glass of the Galilean telescope already 
inverts the image, the second inversion produced by the eyepiece 
brings the image the right way up. 

It may be shown by a diagram similar to Fig. 848, that the 
magnification of a Galilean telescope is given by the ratio of the 
focal length of its object glass to the focal length of its eyepiece, 
the same formula as for the astronomical telescope. The Galilean 
telescope is shorter than the astronomical one, its length being 
approximately equal to the difference of the focal lengths of the 
object glass and eyepiece, whereas in the case of the astronomical 
telescope the length is approximately equal to their sum. 

Ordinary field glasses and opera glasses consist of two Galilean 
telescopes mounted side by side and focussed by the same screw. 

Terrestrial Telescope. Prism Glasses.—^The principle of the 
terrestrial telescope is represented in Fig. 351. The object glass O forms 



Fio. 351.—Terrestrial telescope. 

a real, inverted image of the distant object A at B. The erecting lens 
L forms a real, inverted image of B at C, and the eyepiece E forms a 
virtual image of C at D. In practice instead of a single lens L a pau 
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of lenses is used, and instead of a single eyepiece a compound eyepiece, 
but their action is the same as that of the single lenses shown in the 
diagram. The chief disadvantage of the terrestrial telescope is its 
length. 

Fig. 352 represents prism glasses. This instrument was introduced 
by Messrs. Zeiss in 1895. It consists of two astronomical telescopes 
mounted side by side, each containing two right-angled glass prisms. 
The 90** edges of the prisms are at right angles to one another. Each 
of these prisms turns the rays through 180^, and at the same time 
reverses the image, as shown in Fig. 353. The one prism reverses the 
image right and left, the other up and down. The rays traverse the 


I 

Fio. 352.—Prism glasses. Fic. 353. 

body of the instrument three times. Thus prism glasses combine 
the advantages of the astronomical telescope, large field and bright 
image, with an erect image and a short length. 

Mirror Telescopes. —In reflecting telescopes the object glass is 
replaced by a concave mirror which forms a real image of 
the distant object. This is examined by an eyepiece. If the 
eyepiece were focussed on the image directly, the head of the 
observer would get in the way of the incident light, and the various 
types of reflecting telescope differ in the manner in which they 
overcome this difficulty. 

Mirrors for reflecting telescopes were originally made of 
speculum metal, a somewhat brittle alloy of copper and tin, and 
when the surface tarnished, it had to be repolished, and thus the 
most difficult and critical part of its construction repeated. Thev 
are now made of glass and silvered, and an old silver film can 
quite easily be replaced by a new one. 
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Reflecting telescopes are used only in astronomy. Large 
reflecting telescopes are considerably less expensive than refracting 
instruments of the same power, but they are inconstant and require 
careful attention. 

The Microscope.—If the focal length of a simple magnifying 
glass is diminished in order to obtain increased magnification, the 
eye has to be placed inconveniently close to the object examined; 
also lenses of such small focus are difficult to grind accurately, and 
it is not possible to form such sharp images with a single lens as 
with a system of lenses. For large magnifications it is therefore 
necessary to use a compound microscope. The principle of the 
latter instrument is represented in Fig. 354 in a simplified form 



In the compound microscope the work of forming the image is 
distributed over two lenses or lens systems, the object glass and 
the eyepiece. It is the function of the object glass to form an 
image of the object by as wide angle a pencil as possible, and it . 
is the function of the eyepiece to form a large image of this image 
by means of thin pencils. 

The compound microscope may be regarded as an astronomical 
telescope adapted to view near objects. Suppose that in the case 
of Fig. 848 the object is brought nearer and nearer the object glass, 
but that the focal length of the latter is made shorter and shorter, 
so that the image ME remains in the same place. Then finally 
the object is close up in front of the object glass, the focal length 
of the object glass is smaller than the focal length of the eyepiece, 
and Fig. 348 has passed over into Fig. 354. 

In Fig. 354 P is the object, A the object glass, S the image 
formed by the object glass, B the eyepiece, and Q the enlarged 
virtual image of S formed by B. Let the image Q be situated at 
the distance of distinct vision, D, from the eye, which is the same 
thing approximately as the distance from the lens B. Let v be 
the distance of S from the lens A, and let L be the length of the 
object. Let F be the focal length of the object glass and / the 

focal length of the eyepiece. , , . ^ * .v i 

The object is situated just beyond the focus of A, so the length 
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of S is approximately (wL)/F. B acts as a simple magnifying 
glass, so the length of the image at Q is 

vt. D 

F */ 

Hence the magnification is 

t)D 

F/ 

Owing to the great magnification produced, the object examined 
by a compound microscope must be brightly illuminated, other¬ 
wise the image would be too faint, and most microscopes are 
fitted with a system of lenses for this purpose, called a condenser. 

Fig. 855 represents a compound microscope of a type used in 
physical laboratories. It is designed not for magnifying, but foi 
measuring. The tube, which 
is shown vertical, can be 
turned horizontal, and its 
position can be adjusted in 
' both a vertical and horizon¬ 
tal direction, and read on 
either of the two scales. The 
instrument is thus very con¬ 
venient for making accurate 
measurements of changes in 
length or height. 

The Sextant. —It has 

been shown, that when a 
mirror is rotated, the angle 
turned through by the re¬ 
flected ray is twice the 
angle turned through by the Fio. 35.>.—Vernier microscope, 

mirror. The sextant, which 

is founded on this principle, is an instrument used for measuring 
the angle subtended at the observer by two distant objects. It 
was invented by Hadley in 1730. It consists of a telescope, T, 
directed towards a mirror. A, only half of which is silvered and the 
rest transparent, a mirror, B, which can be rotated, and a pointer 
attached to B, which reads its position on a graduated circle CD. 

Consider an object at such a distance that Sj and S 2 , the rays 
from it to the mirrors A and B, are parallel. Let Si be the ray 
from it to the mirror A, and let the mirror B be in such a position 
that the ray S 2 after reflection at B and A enters the telescope in 
the direction Si. Then the two images of the object will be seen 
superimposed. The reading of the pointer for this position of B 
is taken as zero. Suppose that, starting from this zero and 
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keeping the telescope directed on one of the two objects the angle 
between which is to be measured, it is necessary to rotate B through 
an angle a to bring the image of the other one into coincidence. 
Then the angle they subtend at the eye is 2a. The angles on the 



scale CD are numbered at twice their proper value. Hence the 
reading V 1 V 2 of the pointer gives the angle subtended directly. 

The sextant is used principally for taldng the angle of elevation 
of the sun. The arrangement usually adopted on land is indicated 
in Fig. 357. The observer sits in front of a mercury trough, resting 
the elbow of the arm that holds the instrument on the knee. The 
telescope is pointed in the direction BC towards the image of the 
sun in the mercury, and the image of the sun formed by reflection 
on the movable mirror is brought to coincide with it by moving 
the pointer along the graduated circle. The scale rea^ng then 
gives 2a (Fig. 357), and since AB and CD are parallel, a is the 
altitude of the sun. A mercury surface is used instead of a mirror, 

because it sets itself horizontally under the 
action of gravity. 

At sea the angle between the sun and 
the horizon is taken. 

It is easy to see from a figure, since the 
position of the sun in the heavens is known, 
that the latitude can be determined from its 
altitude at noon. If the time of its highest 
altitude is noted on the chronometer, which keeps Greenwich time, 
the time the earth has been turning since the sun was above the 
meridian at Greenwich is known, and hence the longitude can be 
determined. 

Photographic Camera.—A photographic camera consists 
essentially of a rectangular box, at one end of which is placed 
the sensitive plate or film, and at the middle of the opposite end 
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of which i» placed the lens. The inside of the box is painted 
black, as is usual with optical instruments, in order to absorb 
stray light. The distance of the lens from the plate can be altered, 
so as to focus the picture sharply on the latter, and no light must 
enter the camera except through the lens. By means of a series 
of stops placed at the lens the aperture of the p^cils of light 
forming the image can be regulated. The diameter of the aperture 
is always expressed as a fraction of the focal length of the lens ; 
thus, if a lens is working aty/16, we mean that the diameter of the 
stop is •“ of its focal length. A lens working at ffS thus admits 
about eight times as much light as one working at y 722 , but, of 
course, does not give such a sharp picture. 

The modern photographic plate consists of an emulsion of 
silver bromide in gelatine, which has been poured while warm on 
to a large glass plate and allowed to set. The glass plate is then 
cut into smaller sizes. The light produces no visible action on 
the plate until the developer is poured over it. Then the particles 
of silver bromide on which the light was incident are reduced to 
black metallic silver. After development the plate is fixed ” 
by immersion in a solution of hyposulphite of soda, which dissolves 
away all the sensitive particles on which the light has not acted. 
It is then washed and dried. As the bright parts of the image, 
those on which most light falls, come out black on the plate, and 
the dark parts come out light, the picture is said to be a negative. 
By placing it in contact with sensitive paper, and allowing light 
to act through the negative on the paper, an image called a positive 
is produced on the paper. In this image the light and shade are 
correctly rendered ; it is the picture wanted, the negative being 
only an intermediate step. 

Optical Lantern. —Fig. 358 depicts the optical system of a 
lantern used for projecting slides. AB represents the slide ; it is 



placed upside down. C is the objective or projecting lens. It 
forms an erect image of the slide on the screen, and by focussing it 
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the image can be made sharp for different positions of the screen. 
The source of light, E, is an electric arc, the positive carbon of 
which is horizontal and the negative vertical. By this arrange¬ 
ment the full light from the crater falls upon the condenser D. 
The latter consists usually of two plano-convex lenses with their 
plane faces outwards, and its function is to make as much light 
as possible pass through the slide in such a direction that it also 
passes through the objective. It focusses the crater of the arc 
on the objective. If the condenser were removed and replaced 
by a piece of ground glass in order to give a uniform background, 
the image would be much fainter. The electric arc is enclosed in 
a box, so as to keep in all light except that which forms the 
image on the screen. Limelight may be used instead of the arc, 

but the arc is brighter and more 
convenient, and is always to he pre¬ 
ferred if available. 

The lantern can be employed for 
projecting pieces of apparatus, if 
Fig. 359.—Reversing prism. the latter are placed in the position 

usually occupied by the slide. They 
cannot be reversed as easily as a slide can, and so would appear 
on the screen upside down. But when this is undesirable, a 
reversing prism is used ,* this is placed close to the projecting 
lens. It consists simply of a total reflection prism, and acts as 
shown in Fig. 359. 

Cinematograph.—Visual impressions on the retina persist 
after the removal of the stimulus for about yg of a second. Thus, 
if photographs are taken of a moving object at a rate of not less 
than 16 per sec., and if these photographs are projected on a 
screen at the same rate, the discontinuous pictures fuse together, 
and produce an illusion of continuous motion. This is the 
principle of the cinematograph. The pictures are smaller than 
lantern slides, the regulation size being about 1 in. by f in., 
and they are projected by a lens of about 2f in. focal length. 
They are printed on a film of celluloid or a similar prepara¬ 
tion, and the film is uncoiled from one spool, is jerked by a 
mechanism through the “ gate *’ in the focal plane of the lens, and 
coiled up on another spool. Each jerk moves the film a distance 
equal to the height of a picture. Each picture rests for an instant 
while in the gate and is then projected, and while it is being 
jerked out and the next one jerked in, a sector passes up in front 
of the projecting lens and cuts off the light. The films are tough 
enough to stand the strain of being pulled through, but the 
celluloid ones are inflammable, and the image of the crater of the 
arc on one for a short time is sufficient to set it on fire. 
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Examples VI 


1. An object viewed through a convex lens of 4 in. focal len^h held 
close to the eye appears to be 10 in. away. Find its actual position and 
the magnification. 

2. The focal len^h of the object glass of an astronomical telescope 
is 18 in. and the focal length of its eyepiece is | in. Calculate its 


magnifying power. 

3. If half the object glass of a telescope which is pointed at the 
knoon is covered, how will the appearance of the moon be affected, as 
seen through the telescope ? 

4. Show that the magnifying power of the astronomical telescope is 


if the final image is formed at the distance of distinct vision D 
instead of at infinity. 

6. What is theoretically the angular distance between the centres 
of two stars which are just separated by a telescope with a 3>inch 
object glass ? 


6. A piece of wire gauze has about 20 wires to the cm. It is looked 
at with a telescope which has a 1-inch object glass. IVhat is the greatest 
distance at which the wires can be seen separate ? 


7 . The focal length of the objective of a compound microscope is 
in., that of the eyepiece | in., their distance apart is 11 in., and the 

distance of distinct vision is 10 in. Find the position of an object which 
will give a final image at the distance of distinct vision. 

8. A snapshot camera is provided with stops marked //5-6, //8, 
//ll, //lOi /y22, and //32. If the correct exposure for //8 is sec., 
calculate what it must be for the other stops. 


0. A lantern slide 3^x3^ in. is placed at a distance of 0 in. from a 
500 candle-power arc lamp. An image of 8 ft. side is thrown on a 
distant screen. Find the intensity of illumination of the clear parts 
cf the image, assuming that all the light which passes through the slide 
falls on the screen and disregarding loss of light in the condenser and 
the objective. 

10. A stick 6 in. long is spun about an axis through its midpoint 
and perpendicular to its length. How many revolutions must it make 
per second in order to present the appearance of a disc ? Visual 
impressions persist on the retina for ^ sec. 



CHAPTER Vn 

THE SPECTROMETER AND THE SPECTRUM 


Prisms. —If a portion of a medium has two plane faces inclined 
to each other at an angle* in optics it is called a prism. Any 
plane at right angles to these faces is called a principal plane of 
the prism, and if the faces meet in an edge, it is called the refracting 

edge. The angle between the two faces is called 

_C the refracting angle or angle of the prism. 

^ r- —Thus in Fig. 360 if ABED and ACFD are the 

plane faces, AD is the refracting edge. Mtyst 
I prisms in optics have the shape shown in the 
figure in which the base and top surfaces are 
both principal sections; in this case ^CAB is 
the refracting angle. The prisms used in optics 
Fig. 360. are made of glass or some other transparent 

material. The faces ABED and ACFD are 
polished, the base and top surfaces are matt, and the remaining face 
BCFE may be either matt or transparent. If it is transparent, 
BE and FC may also be used as refracting edges of the prism. 

Minimum Deviation. —Fig. 861 represents a principal section 
of a glass prism ABC. PQ is a ray of light incident on the prism at 
Q, After refraction at Q the ray travels in the direction QR, and 
after refraction at the second face at R it emerges in the direction 



RS. Produce PQ to U, and produce SR to meet it in T ; then the 
angle between the directions of the incident and emergent rays is 
UTS, and the prism produces a deviation in the ray equal to this 
%ngle. 
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It is important to note the difference between a deviation and 
a displacement. Fig. 862 represents the displacement produced 
in the path of a ray by its passage through a glass slab with 
parallel sides ; the emergent ray is parallel to the incident ray. 
But in Fig. 361 it is rotated through an angle from the direction 
of the incident ray. It is also important to note, that this rotation 
is away from the refracting edge towards the thicker part of the 
prism. 

If the angle of incidence of the ray PQ on the face AB alters, 
the deviation alters. If the incident and emergent rays are 
equally inclined to the prism, i.e. if AQ=AR, the deviation is a 
minimum, and the prism is said to be in the position of minimum 
deviation. This is easily seen. For, let the deviation of any 
other ray PQRS (Fig. 363) be a minimum ; then the deviation of 
the ray P'Q'R'S' which passes through the prism in the symmetric¬ 
ally opposite direction, so that AQ=AQ' and AR—AR', is the 
same as the deviation of PQRS. Consequently the latter cannot 
be a minimum. 




Image produced by a Prism. —Let P represent a point source 
of light. A pencil of rays is incident from this source on a glass 
prism, and after traversing the prism is received by the eye of an 
observer, as shown in Fig. 364. If the rays are produced back¬ 
wards, they come to an approximate focus at Q ; hence the point 
source of light appears to the observer to be at Q. 

It may be shown by tracing the paths of the rays on a drawing- 
board, or better still by calculation, that the image is not sharp 
except near minimum deviation or when the refracting angle 
of the prism is small. 

Twinkling of Stars.—If objects at a distance are regarded through a 
stream of hot air, e.g. through the hot air issuing from a chimney or 
rising from a seashore heated by the sun, they have a quivery appearance 
and wave about and tremble. This is due to the index of refraction of 
the hot air being less. The patches of hot air act like prisms, deviating 
the rays and changing the apparent directions from which they come, 
and the positions and shapes of the patches are always aiterin". 

The scintillation or twinkling of the stars is similarly to be^ascribed 
to changing inequalities in the refractive index of the atmosphere. 
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Also objects seen through water in which ice, sugar, or acid is being 
dissolved have a streaky appearance. This is due to the different 
portions of the solution having different strengths and to the index 
of refraction varying with the strength ; here also portions of liquid 
with a higher index of refraction act like so many prisms. 


Kxample. —Prove that if a lens if held before the eye, and then 
moved to one side, the objects seen through it appear to move in the 
same direction as the lens if the latter is concave, but in the opposite 
direction to the lens if the latter is convex. 

Suppose that the object is seen through the centre of a convex 
glass lens, and that the lens is moved gradually downwards. This is 
equivalent to introducing a glass prism of gradually increasing angle 
between the eye and the object. The edge of this prism points 
upwards ; hence the object is apparently displaced upwards, i.e. in the 
opposite direction to that in which the lens is moving. The case of 
the concave lens can be treated similarly. 

Variation of Deviation with Angle of Incidence.—Set a glass prism 
on a drawing-board and draw pencil marks along the two faces AB, AC 
(Fig. 361). Place two pins on the line PQ, and looking into the prism 
from the other side, place other two pins in line with their images, as 
seen through the glass. Hence draw the line RS. Remove the prism, 
and measure the angle of incidence of PQ and the angle of deviation by 
means of a protractor. Repeat for different angles of incidence, graph 
the deviation against the angle of incidence, and determine the angle 
of minimum deviation from the graph. 

As an example of the kind of results obtained, when the angle of 
incidence in the case of a CO* glass prism was 40®, 50®, 60®, and 70°, the 

deviation was 57®, 50®, 50®, and 53^® 
A respectively. This gives a minimum 

deviation of about 49®. 

Formula for Minimum Devia¬ 
tion. —Suppose now that Fig. 365 
represents the position of minimum 
deviation, and that LM and MN 
are the normals at the points of 
incidence of a ray PQllS. Write 



^PQL=Z.SRN=t, and = 

% 

and let the angle of minimum deviation be 3. Then 

g = ^UTS = Z.TQR + ZTRQ 
= Z_TQM — ZRQM + ziTRM — Z.QRM 
=2(i—r). 

Also 

^ AQR + Z ARQ=7r — A 

and 

Z.AQR -f- Z.ARQ= Z AQM — ^RQM + ^ARM — ^QRM =J7 -2r 
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Hence A=2r, i.e. r=^A, and on substitution in the expression 
above for S 

8=2{i—^A) or 

But the index of refraction, /x, is defined by 

sin i 

ti =—— 

sin r 

On substitution for i and r this gives 

_sin J(A+S) 

^ sin ^A 

Hence, if A and 8 are known, /x can be calculated. A useful 
way of remembering this formula is by considering what happens 
if the prism is made of air instead of glass, i.e. S becomes 0 and fj. is 
equal to 1. 

Determination of Index of Refraction of a Glass Prism by Pin Optics 
Methods ; (1) By Minimum Deviation.—Draw the trace ABC of the 
prism (Fig. 366) on the drawing-board, and place a pin atF and one at 



H making AF5=AH=about two-thirds of side of prism. Observe the 
image of the pin F by looking into the face AC of the prism, and place 
a pin at G, so that it is in line with the pin H and the image of the pin F. 
Similarly by looking into the face AB place a pin at E, so that it is in 
line with the pin F and the image of the pin H. Note that it is also 
in line with the image of the pin G. 

Remove the prism and draw the lines EFPK and PUG. Read the 
angles d and A with a protractor, and calculate ft, by the formula of the 
preceding section. 

(2) Any Position.—Let ABC (Fig. 867) be the trace of a glass prism 
and PS any line drawn on the paper. Look into the face AC of the 
prism, and draw TQ so that it appears to be the continuation of PQ. 
Remove the prism, and produce TQ to cut PS in Q. Cut off QS = QT, 
and draw TR perpendicular to AC and SR perpendicular to AB. Join 
QR. Then 

_QR 
^ QS 

This method gives extremely accurate results. It does not require the 
prism to be at minimum deviation. 
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To prove the formula let ABC (Fig. 368) be the trace of the prism, 
let PMQ be the incident ray, and let QNT be the emergent ray ; join 

MN, draw QR parallel to MN, and 
through any point S in PQ pro¬ 
duced draw SR perpendicular to 
AB to meet QR in R. Then angles 
i and r are equal respectively to 
the angles of incidence and refrac¬ 
tion at M. Consequently 

_ sin i _ sm QSR _QR 

^~sinr~sin QRS~~QS 

If QT be cut o£f=QS, and TR' be 
drawn perpendicular to AC to cut QR in R% it can similarly be 
proved that 

QR' 

^ QS 

and hence that R' coincides with R. 

Spectrometer.—^The spectrometer or goniometer is an instru* 
ment used for measuring A and S, and so determining the indices 
of refraction of substances. It gives much more accurate results 
than can be obtained by pin optics methods. Fig. 869 shows a 
plan of one, arranged for determining 8. It consists essentially 
of a divided circle ABC about the axis of which a collimator, DE, 
and a telescope, FG, can rotate. The collimator is a tube at one 
end of which, E, there is a convex lens, and at the other end of 
which, D, there is a slit exactly at the focus of this convex lens. 
The rays of light which enter the slit thus form a parallel pencil 
after passing through the lens. After deviation by the prism they 
fall on the object glass of the telescope, which is an astronomical 

one, and converge to form 
a real image, which is ob¬ 
served through the eye¬ 
piece. The prism rests on 
a table which can be 
rotated about the axis of 
the divided circle, and the 
rotation of which can be 
read by a vernier at V. 
The position of the tele¬ 
scope on the divided 
circle can also be read by 
a vernier. 

To measure 8 the prism is first removed, and the telescope 
directed to look into the collimator. An image of the slit is then 
seen in the field, and the telescope is turned until this image 
coincides with the cross-wires. The reading is then taken. The 


V 
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prism is next put into position on the prism table, and the telescope 
turned so as to see the image formed by the light which passes 
through the prism. The prism is then rotated, so as to bring 
it into the position of minimum deviation. The latter is easily 
recognised, because at it the image turns in the field, and begins 
to move in the other direction. When it is found, the reading 
on the circle is again taken. The difference of the two readings 
gives S. 

To measure A, the angle of the prism, we may proceed in either 
of two ways. In the first of these (Fig. 370) the prism is placed 
with its edge A near the centre of the prism table, so that the rays 
from the collimator are incident on it in the direction PA, some on 
the face AB and some on the face AC. The rays are reflected in 
the directions AQ and AR. If the prism is kept fixed and the 
telescope pointed in the directions QA and RA, images of the slit 
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will be seen. Hence ^QAR can be measured. The angle of the 
prism. A, is half /.QAR. For, draw AM and AN the normals to 
the two faces. Then 

^QAR =27r — Z.QAP — ^RAP =27r —2 ^PAM 

—2 ^PAN=2(7r — ZMAN)=2A 

In the second method the prism is adjusted so that the rays 
reflected from one of the faces produce an image of the slit coin¬ 
ciding with the cross-wires in the field of view. The telescope 
is then kept fixed, and the prism table rotated until an image of 
the slit formed by reflection from one of the other faces is 
coincident with the cross-wires. The difference of the angle of 
rotation and two right angles is equal to the angle between the 
faces from which the light was reflected. 

For it is clear (Fig. 371) that in the second position the normal 
to the one face has the same direction as the normal to the other 
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in the first position. The angle turned through by the prism is 
hence equal to ZlMAN=77—A. 

Figs. 372 and 873 represent two t 3 ?pes of spectrometer which 
are in much use. In the second the telescope is counterpoised^ so 
as to prevent strain during rotation. 
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Fxo. 872.—Spectrometer. 

Experiments with the Spectrometer.—Before using the spectrometer 
it must be adjusted. The telescope is removed from the instrument 
and taken to a window. The eyepiece is focussed on the cross-wires ; 
next the window is opened, and the telescope focussed upon a distant 
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Fio. 873*—Spectrometer with counterpoised telescope. 

object, until on moving the eye from side to side the image of the distent 
object remains at rest relative to the cross-wires. The telescope is then 
replaced in the instrument, turned to look into the collimator, 
slit of the latter illuminated. An image of the slit is seen in the field, 
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and the distance of the slit hrom the lens of the collimator adjusted, 
until this image is as sharp as possible. Both telescope and collimator 
are then adjusted for parallel Ught. 

The spectrometer, as has been mentioned above, is used principally 
for measuring A and S and so determining ^ by the formula 

_sin i(A+S) 

^ sin JA 

With the instrument shown in Fig. 373 the average first year university 
student should with a little encouragement be able to get n correct to 
the third decunal place ; an exceptionally good student is able almost 
to get the fourth decimal place. 

The index of re&action of a liquid can be determined by the spectro¬ 
meter, if it is put in a hollow prism the sides of which are parallel-sided 
plates of glass. The fact that the angle turned through by a reflected 
ray is twice the angle turned through by the mirror (p. 306) can be proved 
by the spectrometer, and the variation of the deviation with the angle 
of incidence (p. 378) can be investigated by the spectrometer, with 
much greater accuracy than by pin optics methods. 

Sodium Flame. —In making experiments on refraction by the 
pin optics method, when the pins and the lines drawn on the paper 
are looked at through the glass, they appear coloured at the 
edges. This is, however, not an appreciable source of error, as the 
degree of accuracy obtained by this method is not high. But in 
working with the spectrometer, in order to avoid the disturbing 
effect of colour, it is necessary to illuminate the slit with light of 
one colour alone, for which purpose a sodium flame is used. The 
best way of producing the latter is to form a bead of sodium bicar¬ 
bonate in a loop at the end of a thin platinum wire and hold it 
in the edge of a bunsen flame, so as to make the wire red hot ; this 
gives the flame an intense yellow colour for a long time. 

We are now going to study the colours formed by the refraction 
of light. The classic experiments in this subject were carried out 
by Isaac Newton at Cambridge in 1666. 

Newton’s Fundamental Experiment on the Spectrum._ 

Newton caused a pencil of direct sunlight to enter a darkened 
room through a hole in the shutter. It formed an image of the 
sun on the opposite wall of the room, the room acting as pinhole 
camera. He then placed a glass prism inside the room close up 
to the hole with its refracting edge horizontal and pointing down¬ 
wards, so as to receive the pencil. The latter, as was to be 
expected, was refracted upwards by the prism. But instead of 
forming a single image of the sun in its natural colours higher 
up on the wall, it formed a vertical coloured strip to which Newton 
gave the name of the spectrum. The colours of the spectrum 
were, according to Newton, red, orange, yellow, green, blue, 
indigo, violet, in order of increasing deviation. They pass 
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imperceptibly into one another through intermediate tints, and are 
not marked off by sharp boundaries. Fig. 374 represents the 
formation of the spectrum, the colours being denoted by their 
initial letters. The fact that the red end is deviated least should 
be memorised. 

As the prism was slowly rotated about a horizontal axis, the 
spectrum moved down the wall until the position of minimum 

deviation was reached, after 
which it moved up again. 
At minimum deviation the 
spectrum was shortest. 

Newton inferred from 
the experiment, that white 
light is composite, and that 
in decomposing it by the 
prism we are getting at 
something simpler and more 
elementary. Also that the 
refractive indices of the different colours have slightly different 
values ; hence they are bent up to a different extent on entering 
the prism, and on leaving it the angles of divergence between 
each successive pair are further increased. Or, in other words, 
the white light undergoes disper-^ion^ as it is called, in the prism 
owing to the difference in refrangibility of its constituent rays. 



In order to show that the prism did not produce the colours, but that 
it separated colours that were already existing, Newton performed 
amongst others the following three experiments :— 

Attempt to further decompose a Colour of the Spectrum.—Let a 
beam of white light fall on a prism P, and form a spectrum VR (Fig. 375) 
on a piece of cardboard in which a narrow slit is cut. Then certain rays 
of the spectrum, for example the green, will go through the slit. Now 
let these rays fall on a second prism Q, and afterwards be received on 
another piece of cardboard W. It is found that there is no further 

decomposition of the 
light; the green rays 
remain green after pass¬ 
ing through the second 
prism, and the patch of 
light on the cardboard 
W is wholly green. Thus 
the green rays of the 
spectrum form some¬ 
thing elementary that 
cannot be decomposed further. The same holds true of all the other 
colours of the spectrum, as may be sho^vn by moving the slit in the first 
piece of cardboard, so that the other colours in succession pass through it. 

Light of a definite position in the spectrum and hence of a definite 
colour is called monochrcnnatic. A very satisfactory way of obtaining 
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monochromatic light is simply to throw a spectrum on a screen with a 
hole in it, as in Fig. 375, and allow the radiation that is wanted to pass 
through the hole. 

Experiment with the Crossed Prisms.—The arrangement of this 
experiment is shown in Fig. 376, wliich is taken from Newton’s Oplicks. 
S is the sun, F the hole in 
the shutter. If only the 
prism ABC was used, the 
spectrum PT was pro¬ 
duced. If the second prism 
DH was placed with its re¬ 
fracting edge vertical, so as 
to receive the light immedi¬ 
ately it left the first prism, 
both together produced 
the inclined spectrum pt. 

Bach separate colour of 
the first spectrum was 
given a sideways displace- 



pnsms. 


ment by the second prism, proportional to the vertical displacement it 
received from the first, and suffered neither further change nor decom¬ 
position. This confirms the conclusion of the preceding experiment. 

Recomposition of White Light.—Not only can white fight be 
decomposed into the seven colours of the spectrum, but they can be 
recombined together to form white light. Fig. 377 shows how Newton 
proved this. The prism forms a spectrum which could be received by 
a sheet of white cardboard at VR, but falls instead upon a convex lens. 
This convex lens makes the different colours superimpose again, and 
they converge to form a white patch on a piece of white cardboard at W. 
If a pencil or similar obstacle is held in front of the lens, so as to stop 
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some part of the spectrum, then the patch at W appears coloured, 
The lens must be large enough to receive the whole spectrum at VR. 
and must focus the first surface of the prism on the screen at W. 

Projection of a Spectrum. —Ne\non worked usually with a 
circular aperture in a shutter. Thus his spectrum consisted of a 
series of blurred images of the sun formed by the successive colours 
somewhat after the manner of the pinhole camera. All these 
images overlapped considerably, and consequently the spectrum 
was not pure. Fig. 378 shows the plan of an arrangement wliich 





was occasionally used by Newton, and which is generally employed 
nowadays to exhibit the spectrum simultaneously to a large 
number of observers ; this arrangement gives much purer colours. 

S is a slit and L a convex lens which forms an image of this 
slit at Q. When the prism is inserted in the path of the rays at 
P, a spectrum is formed in focus on the screen RV, which is placed 
at the same distance from P as Q is. The best source of light to • 
use is the arc lamp ; an image of the crater is thrown on the slit, 

somewhat out of the focus, 
by a lens not shown in the 
diagram. The spectrum 
then received on the screen 
is similar to the fifst one 
shown in the frontispiece. 

If a piece of red glass 
is placed anywhere in the 
path of the rays, it cuts 
out all the spectrum except 
the red end. If a piece of 
blue cobalt glass is placed 
in the path of the rays, the spectrum is crossed by two black 
bands in the red and a broader one in the green which together 
stop most of the red half of the spectrum. If a skein of red 
wool is moved along the screen, it appears red when illuminated 
by the red rays and black when illuminated by the other parts 
of the spectrum. Similarly with the other colours ; if they are 
pure, each appears black except when illuminated by light of 
its own colour, when it appears in that colour. It is, however, 
difficult to obtain coloiirs of the necessary purity to perform the 
experiment with success. 

Infra-red.—Newton’s spectrum was limited by red at the one 
end and violet at the other. Since his time we have discovered 
that there is an enormous extent of invisible rays lying beyond the 
red at the one end and beyond the violet at the other. These rays 
are termed respectively the infra-red and the ultra-violet. 

The infra-red was discovered by Sir William Herschel in *800. 
He placed the bulb of a sensitive thermometer on a spectrum, and 
found that the rays falling on it produced a rise of temperature. 
To make sure that the rise of temperature was actually due to 
the rays falling on it, and not to some other cause, two other 
thermometers were placed in the shade near the spectrum ; it 
was found that they showed no rise in temperature. The rise in 
temperature was much greater at the red end of the spectrum than 
at the violet. When placed beyond the violet (in the region UV, 
Fiff. 878), there was no heating effect, but when the bulb was 
placed beyond the red (in the region IR, Fig. 378), there was a 
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marked rise of temperature. The interpretation of the experiment 
IS, that the sun’s rays carry energy with them which is converted 
into heat when it falls upon the bulb of the thermometer, that the 
violet rays of the solar spectrum have least energy, and that there 
are rays beyond the red end of the spectrum, invisible heat rays, 
which carry energy, but do not have any effect upon the eye. 

A thermometer can be used for detecting heat rays only in 
the case of an extremely powerful source like the sun. When 
small rises of temperature are to be measured, it is customary to 
employ one of a number of other instruments, the most popular 
of wliich is the thermopile. In using the thermopile the rays are 
allowed to fall upon the junction of two different metals in an 
electric circuit, and a current is set up proportional to the rise of 
temperature. In this way rises of temperature as small as one- 
millionth of a degree Centigrade can be measured. 

Experiment on Heat Rays.—Glass transmits the invisible heat 
rays better than water, quartz transmits them better than glass, and 
rock salt better than quartz. It is an interesting experiment to allow 
the rays from a bunsen burner to faU upon a thermopile, and then 
interpose plates of various substances and determine the fraction 
transmitted by each. If no thermopile is available, a more powerful 
source can be used, and its rays focussed on the bulb of a thermometer 
with a le«^. 


Ultra-violet. —Modern photographic plates may be divided 
into three classes as regards their sensitiveness to the colours of 
the spectrum, namely, ordinary, orthochromatic, and panchro¬ 
matic. The ordinary are sensitive to the violet and blue, the 
orthochromatic are sensitive also to the green, and the panchro¬ 
matic to the whole visible spectrum. But no matter which class 
of plate is used, if it is exposed to the spectrum, the portion of 
the plate beyond the violet, UV in the arrangement of Fi^r 878 is 
also acted on, showing that here also there are invisible rays 
namely, the ultra-violet. They were discovered first by J W* 
Ritter in 1801 , who found that they blackened silver chloride* 
Rays which produce chemical change in this way are referred to as 
aclinic rays. 


frK —^The simplest way of demonstrating 

the chemical action of light is by means of ordinary gelatino-chloride 
pnntmg paper, or P.O.P. as it is caUed. If this is h^d in a ver^ bright 
spectrum, .t .s darkened by the action of the light, and the degree of 
darkening m the different parts may be taken as a measure of the 
Strength of the chemical action in these parts 

exposed directly to ihe light of the snn or of a 
lamp, and the effect of interposing plates of glass investigated. In this 
case the best way of procee^g is to expose the paper directly to the rays 
for a seconds, then through the glass to the saiie rays for b secoLd^ 
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arranging that the degree of blackening is the same in each case. The 
ratio ajb may be taken as the fraction of actinic rays transmitted by the 
plate. The results are only approximate. It may be shown in this 
way, that quartz transmits the actinic rays better than ordinary crown 
glass, and that crown glass transmits them better than dense hint. 

Fluorescence. —If a spectrum is received upon a screen of 
barium-platinocyanide instead of upon a sheet of paper, it is 
found that the violet and ultra-violet shine with a green light. 
The energy of the violet and ultra-violet radiations is absorbed by 
the screen, and re-emitted as light of another colour. This 
phenomenon is called fluorescence. It was first explained properly 
by Stokes in 1852, and it is shown by a great number of substances, 
for example, fluorspar, from which it derives its name, uranium 
glass, sulphate of quinine, aqueous solutions of fluorescein and 
eosin, etc. 

The essential characteristic of fluorescence is that light of 
one colour is absorbed and re-emitted as light of another colour. 
Ultra-violet radiation may be absorbed and re-emitted as visible 
light. Stokes came to the conclusion that the absorbed radiation 
must always be more refrangible, i.e. lie further from the red end 
of the spectrum, than the re-emitted radiation, and this conclusion 
is known as Stokes’ law. Modern investigation has, however, 
shown that it is certainly not always true. 

Fluorescence can be used for detecting the presence of ultra¬ 
violet light. It can also be used for rendering visible the track 
of a beam of light through a liquid, as in the experiment 
represented in Fig. 294. In this experiment the path of the beam 
in the water was made visible by floating specks scattering the 
light. If a little fluorescein is dissolved in the water, each molecule 
of fluorescein emits a green light when the beam reaches it, and 
hence the path of the beam in the water shines with a green light. 

Phosphorescence.—Certain substances, after being exposed 
to light, emit light for some time afterwards when placed m a 
dark room. This phenomenon is known as phosphorescence. 
It is the violet and ultra-violet rays that are most active in 
producing it. The duration of the emission after exposure to 
Uffht varies very widely. Balmain’s luminous paint, which is a 
sulphide of calcium, will shine for hours in the dark after exposure 
to bright sunshine, while other substances cease to emit m a few 

The phenomenon is quite distinct from the faint greenish-white 
luminosity which phosphorus shows when exposed to moist air 
in the dark. The latter is due to the slow combustion of the 
ohosphorus. It is a chemical change which takes place only in 
the one direction, and is not reversed by exposure to light. In 
true phosphorescence we have a reversible change ; the exciting 
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light throws into the substance the energy which is radiated away 
in the dark, and by exposing the substance to the exciting light it 
can be made to phosphoresce again and again. 

The distinction between fluorescence and phosphorescence is 
that fluorescent substances emit light only as long as the exciting 
light is acting on them ; phosphorescent substances emit light 
after the exciting light ceases. 

The Spectroscope. —The easiest way of examining a spectrum 
is to set a prism at minimum deviatioh on the prism table of a 
spectrometer and let the light fall upon the slit ; then a spectrum 
will be formed in the focal plane of the telescope, and can be 
examined with the eyepiece. The instruments used for examining 
spectra are called spectroscopes. 

Any spectrometer designed for measuring angles can also be 
used for examining spectra, but if it is to be used only for the 
latter purpose its construction may be simplified. First of all, 
the prism is fixed on the prism table. Then, as the spectrum 
always appears at the same place on the circle, the latter does 
not require to be divided the whole way round. It is enough if 
it is divided through an arc of 60®. Also it is not necessary for 
the scale to be divided in degrees ; any arbitrary unit is sufficient. 
Finally, the prism is usually covered in to prevent stray light 
entering the telescope ; if the spectrum is at all faint, it will be 
otherwise swamped by this stray light. 

Kirchhoff and Bunsen Spectroscope. —This instrument is 
represented in Fig 379. The collimator (to the left) is fixed and 



Fig. 379. Kirchhoff and Bunsen spectroscope. 

the telescope (behind) moves through a small range. To the right 
in front there is a second collimator which carries a fine photo* 



graphic scale at its end instead of a slit. This scale is illuminated 
by the gas burner, and is seen through the telescope by reflection 
on the second face of the prism immediately above the spectrum. 
Hence the position of any point in the spectrum can be easily read 
off on the scale. 

Spectrum Analysis. —If light from an ordinary arc lamp or an 
electric glow lamp or a gas or candle flame is allowed to fall upon 
the slit of a spectroscope, we obtain a continuous spectrum, i.e. a 
spectrum similar to the first one in the frontispiece. If sunlight 
falls on the slit, we see a continuous spectrum crossed with dark 
lines, known after their discoverer as the Fraunhdfer lines, and 
denoted by letters of the alphabet. The solar spectrum is shown 
second in the frontispiece. If sodium light falls upon the slit, 
we see only two narrow yellow lines ; these are known as the D 
lines, and are so close together that, unless the slit is very narrow, 
they appear as one. Sodium light is thus practically homo¬ 
geneous ; that is why it is used in determining the index of 
refraction of a glass prism. 

The spectrum of the neon lamp consists of a great number of 
bright lines. This spectrum and the sodium spectrum are what are 
known as line spectra. The neon lamp glows with a dull red light, 
runs off the ordinary lighting circuit, and was introduced as a 
night light and for advertisement purposes shortly after the war. 
The blue cone of the bunsen burner gives a spectrum consisting of 
five bands, called the Swan spectrum after its discoverer; these 
are broader than lines, and also differ from lines in having each 
one side sharp and bright and the other side fading imperceptibly 
into the background. This kind of spectrum is known as a band 
spectrum. Finally, if we allow light from an electric glow lamp 
to fall on the slit, but place a sheet of cobalt glass in front of the 
slit, we •obtain an example of an absorption spectrum, the 
continuous spectrum of the lamp crossed by dark bands due to 
the cobalt oxide in the glass. 

Each chemical element has its own characteristic spectrum, 
and we can investigate the nature of a substance by heating it 
or causing it in any other way to emit light, and examining tlie 
spectrum of that Dght. Tliis procedure is known as spectrum 
analysis. 

It will be noticed that the yellow line of the sodium spectrum 
coincides in position with the dark D line of the solar spectrum 
{cf, frontispiece). It is found that if light, which would otherwise 
give a very bright continuous spectrum, passes through sodium 
vapour, the dark D line appears in its spectrum. The sodium 
vapour has absorbed rays of the same refrangibility as it emits. 

It is natural to assume, that the body of the sun gives a continuous 
spectrum, but that it is surround^ by a gas which absorbs in 
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this way some of the rays of this continuous spectrum. 2'he 
Fraunhofer D line thus becomes a proof of the existence of sodium 
vapour in the sun; in a 
similar way the existence in 
the sun of other terrestrial 
elements has been proved. 

The Rainbow.—It is not 
necessary for the formation of 
a spectrum that the prism 
should be made of glass ; a ^ 
hollow glass prism filled with 
water does as well. Even a 
drop of water acts under 
certain conditions in the same 
way as Newton’s prism. For 
(Fig. 380) let SA be a ray of 
white light from the sun in¬ 
cident on a drop of water at A. 

On entering the water it is 
broken into a series of coloured raysj of which, for the sake of clearness,' 
only the red and violet are drawn. These are reflected inside the drop 
at B and enter the air at C, when the angle between them is further 
increased. If a piece of cardboard is placed at W, a spectrum will be 
obtained. 

Let us calculate the deviation of the red rays caused by their passage 
through the drop. The radius is, of course, the normal at A. Let i 
(Fig. 381) be the angle of incidence and r the angle of refraction. Then 
from the figure the deviation is given by 

n — ^SFD, and 

Z.SFD = 2 Z. SFO = 2( Z. ABO — FAB) 

=2(r—i4-r)=4r —2i 

We have, of course, sin i = ^ sin r. If the value of the refractive 
index of water for red light, namely, 1*329, is substituted, a table 
calculated of corresponding values of i and r, and the deviation graphed 
as a '•function of t, the 
minimum value of the de¬ 
viation is found to be 42-8‘*. 

In the same way the mini¬ 
mum value of the deviation 
for the violet is 40*8®. 

The spectrum produced 
according to Fig. 380 is 
very faint, unless the rays 
go through the drop at 
minimum deviation. Only 
then are they sufliciently 

concentrated in one direction to be easily visible. 

Now consider Fig. 382. Let us suppose that an observer is standing 
at E with his back to the sun, facing the rain drops A, B, C. The rays 
from the sun may be regarded as all parallel to one another. If we 

O 
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draw a cone with semi>vertical angle 42-8®, and the direction of the 
sun's rays as axis, all the red rays which reach the observer, after 
refraction by rain drops lying in the surface of this cone, will have 
suffered minimum deviation. Consequently they will be easily visible. 
In the same way violet will be visible in the direction which makes 
an angle of 40-8® with SE, and the other colours come in between. Thus 
the rainbow is formed. It is obvious that the red is to the outside. 



A rainbow formed in the above manner is called a primary rainbow. 
If the rays are reflected twice inside the drop, as shown in Fig. 383, for 
minimum deviation the red rays make an angle of about 51®, and the 
violet rays an angle of about 54® with the incident light. Consequently 
a rainbow will be formed w'ith the violet outside. This rainbow is 
called the secondary rainbow, and to see it the observer must also have 
his back to the sun. The primary and secondary rainbows are some¬ 
times seen together, the secondary one being outside the primary one 
and fainter and broader than the latter. 

Chromatic Aberration. —A lens may be regarded as the 
limiting form of a prism with a number of faces (Fig. 884), when 




the number is made very great. Now a prism bends the different 
rays of light out of their path to a different extent; it bends the 
violet most and the red least. Consequently the same holds true of 
a lens ; if parallel beams of red and violet light fall on it, they 
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come to a focus at different points, as shown in Fig. 385. Also if a 
single lens forms an image by means of white light, the images 
formed by the different constitutent colours do not occupy the 
same place, and hence confuse one another. The blurring of the 
final image due to this cause is called chromatic aberration. 

Chromatic aberration can be greatly diminished by using a 
compound lens made of two different kinds of glass. Suppose 
that we take two 60® prisms made of the two principal kinds of 
glass used in optics, one of hard crown and the other of dense flint, 
and set them in succession on the prism table of a spectrometer 
at minimum deviation for sodium light. Then, when the slit is 
illuminated with white light, the deviations of the middle of the 
spectrum are about 49® and 54®, and the lengths of the spectra are 
about 85' and 83' respectively in the two cases. We may regard 
the action of the prisms under two heads. First of all, there is 
the deviation produced which is || times as great for the flint 
prism as for the crown. Second, there is the dispersion of the 
light into a spectrum which is ^ times as great for the flint prism 
as for the crown. The one ratio is more than twice the other. 




Let us now consider Figs. 886 and 887. Fig. 886 represents 
two 60® prisms made of crown glass. A ray of white light P falls 
on the first, and is decomposed into its constituent rays. These 
fall on the second, suffer the reverse deviation to what they 
experienced in the first prism, and emerge at Q parallel to one 
another. The second prism thus destroys both the deviation and 
the dispersion produced by the first, and both together act like a 
slab of glass. 

In Fig. 887 the ray is incident on the same" crown glass prism 
as before. But behind the crown glass prism there is now placed 
a flint glass prism of just sufficient power to neutralise the 
dispersion produced by the first prism. A much smaller angle than 
60° is sufficient for this. Then, since the dispersion of flint glass 
is relatively so much greater than its deviation, the second prism 
removes only part of the deviation produced by the first. So the 
rays of the different colours emerge parallel to one another at Q, 
but deviated through an angle from the incident ray P. 

Fig. 388 shows how the above result is applied in constructing 
the achromatic lens. The flint glass concave lens acts in the same 
way as the flint prism, and the crown glass convex lens in the same 
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way as the crown prism. The flint lens is strong enough to destroy 
the dispersion, but not strong enough to destroy the deviation 
that the convex lens is about to produce. Consequently both 
red and violet rays come to the same focus at F. For the sake of 
clearness the two lenses are shown separate in Fig. 388, but in 
actual practice they are cemented together as in Fig. 889. 

Flint Crown 


Fio. 388. ^IG. 380. 

Experiments on Chromatic Abberation.—^The focal length of a lens 
may be determined for light of different colours on the optical bench. 
Ordinary red glass gives a pure enough red, but for green and blue it 
will be necessary to use the tricolour filters described on p. 406. They 
should be placed between the cross-wires and the lamp. 

With the ordinary arrangement of a rectangular aperture covered 
behind with tissue paper and illuminated with white light, if the image 
screen be moved out of focus towards the lens, the edge of the image 
becomes tinged with red ; if it be moved out of focus the other way, the 
edge of the image becomes tinged with blue. For in the first case the 
red image is more out of focus, each point on the edge forming a red disc, 
and these discs extend beyond the blue point images, and in the second 
case these conditions are reversed. 

Spherical Aberration. —If two rays, parallel to the axis, are 
incident on a lens of wide aperture (Fig. 390), one close to the axis 
and the other close to the margin of the lens, axial and marginal 

rays as they are called, then 
they do not come to a focus at 
the same point, even though 
they are of the same colour. 
The figure shows the effect in 
an exaggerated form. The 
Fig. 390. blurring of the image due to 

this cause is called spherical 
aberration. It may be tested for by placing in front of the lens a 
diaphragm that transmits only the central pencil, replacing this 
by a disc that blocks out everything except the marginal zone, 
and determining the position of an image in the two cases. 

Direct Vision Spectroscope.—In Fig. 387 the angle of the second 
prism is chosen so as to give deviation, but no dispersion. It is 
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possible to design a combination of prisms which will give dis¬ 
persion, but no deviation in the middle of the spectrum. This is 
what is used in the direct vision spectroscope. 

The direct vision spectroscope (Fig. 391) consists usually of a 
collimator and compound prism mounted together in a tube about 



Fio. 891.—Direct vision spectroscope. 


8 in. long. The compound prism is composed of a very dense 
flint prism fitted between two crown prisms. There is no 
telescope ; the eye simply looks in at the aperture. The advan¬ 
tages of the instrument are, that it can be carried in the pocket, 
and that it is pointed directly at the light to be investigated ; 
there is no troublesome angle to be allowed for. 


Examples Vll 

1. A prism is to be made of crown glass, the refractive index of 
which is 1-523, and is required to produce a minimum deviation of 25°. 
To what angle must it be ground ? 

2. In determining the index of refraction of a glass prism by the 
spectrometer, A is found to be 44* 46' and d to be 29° 32' for sodium 
light. What is the value of the index of refraction ? 

3. If the index of refraction of a glass prism for sodiufn light is 
1-517, and the angle of the prism 59° 57', what is the minimum value 
of the deviation it produces ? 

4. A glass prism has a refracting angle of 25°. Its index of refraction 
is 1-563. A ray of light falls perpendicularly on one face of the prism, 
enters the glass, and is refracted at the other face. What is the value 
of the deviation produced ? 

5. What is the greatest allowable angle of a prism, in order that a 
ray incident on the first face at an angle of 60° may emerge from the 
second face ? The index of refraction of the glass is 1-583. 

0. Show that if the angle of a prism is greater than twice the critical 
angle for the medium of which it is composed, it is impossible for a ray 
to pass through it. 

7. Instead of taking the spectrometer telescope to a window and 
focussing it on an infinitely distant object, a student turns it towards a 
lamp in the room at a distance of 12 metres and gets the image of tlie 
latter sharp. The cross* wires are then at a distance of 30 cm. from the 
object glass. How many millimetres must the object glass be racked 
m to make the focus exactly right ? 
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8. The horizontal bar of a window frame is seen against the sky. 
If it is viewed through a glass prism held in front of the eye with its 
refracting edge horizontal and pointing downwards, how will the 
appearance of the edges of the bar be affected ? 

9. The presence of carbon monoxide in the blood is indicated by 
certain dark bands in the absorption spectrum of the blood. How 
would you test for the presence of carbon monoxide in a specimen of 
blood ? Make a diagram showing how you would arrange the 
apparatus. 

10. Show that when light passes through a thin prism, the deviation 
does not vary with the angle of incidence, provided that the incidence 
is nearly perpendicular. 

11. If a star were observed by a telescope the object glass of which 
was not corrected for dispersion, what appearances would present 
themselves on sliding the eyepiece in and out ? 

12. White light is incident perpendicularly on one face of a prism 
of refracting angle 25*. The indices of refraction of the end rays of 
the visible spectrum are 1-611 and 1-631 for the glass of which the prism 
is composed. Calculate the angular separation between the end rays 
of the spectrum produced. 

18. explain how to combine prisms so as to produce deviation 
without dispersion and dispersion without deviation. 

14. Two thin prisms of refracting angles A and A' are made of glass 
of refractive indices /t and respectively, (/r — l)A=(/i,'— l)A'. 
Show that, when they are turned opposite ways, the one prism 
neutralises the deviation produced by the other. 


CHAPTER VIII 


THE EYE AND COLOUR VISION 

The Eye. —The human eye consists practically of a spherical 
chamber with a circular opening in front; by means of a system 
of spherical refracting surfaces the light entering this opening 
forms an image on the back of the chamber. 

Fig. 392 represents a section of the eye. It is surrounded 
outside, except in front, by a hard, horny coating S, called the 
sclerotic. In front is the cornea C, which bulges outwards, and 
acts as a transparent window to admit light to the crystalline lens 
L; the latter is attached to the walls of the eye by the ciliary 
muscle M. In front of the lens is a diaphragm, 1, called the iris, 
which is coloured ; it is the colour 
of the iris that is meant, when the 
colour of an eye is referred to. In the 
centre of this diaphragm there is a 
circular aperture called the pupil. 

The pupil adapts itself to conditions, 
contracting when the light is strong 
and opening when the light is weak, 
so that as uniform an amount of 
light as possible may be admitted to 
the eye. The space A between the 
lens and cornea, i.e. the anterior 
chamber, is filled with a watery 
liquid containing a little salt in solution, which is called the 
aqueous humour. The space V behind the lens, i.e. the posterior 
chamber, is filled with a transparent gelatinous subtance termed 
the vitrt-ous humour. 

After passing through the cornea, aqueous humour, lens, and 
vitreous humour, the rays fall on the retina R. The retina consists 
principally of a network of nerve fibres connected with the brain 
by the optic nerve O. In the retina there are two kinds of vision 
cells, termed rods and cones. In the retina directly behind the 
pupil is the yellow spot Y, or macula lutea, which has a depression 
in the centre called the fovea centralis ; here vision is most distinct. 
There are no rods in the fovea centralis. The point in the retina 
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at wWch the optic nerve enters is not sensitive to li^ht, and is 
called the blind spot^ 

The index of refraction of the cornea is nearly the same as that 
of the aqueous humour. Consequently rays entering the eye 
suffer refraction mainly at three surfaces, the outer surface of the 
cornea and the two surfaces of the lens. 

In focussing the eye the retina cannot be pushed further away 
from its lens like the focussing screen of a camera. The eye lens 
is, however, plastic like a piece of india-rubber, and the curvature 
of its surfaces can be altered by the ciliary muscle. Usually, when 
the eye is at rest, it is adjusted so that the image of a distant 
object is in focus on the retina. If, then, it is turned to a nearer 
object, its pose must be altered, it must be accommodated to the 
nearer object in order that the latter may be clearly seen. This 
is done by a forward motion of the lens and an increase in curvature 
of both its surfaces. 

The image formed on the retina is an inverted one, but this 
causes no confusion, since the impression it produces is always 
associated mentally with the upright position of things. 

The distance of distinct vision has already been defined on 
p. 363, as the distance at which the eye can best examine the detail 
of an object. For the normal eye it is about 10 in. or 25 cm. 
When the ciliary muscle is quite relaxed, the eye is focussed on its 
far point. For the normal eye the far point is at infinity. When 
the ciliary muscle has contracted as much as it can, the eye is 
focussed on its near point ; the latter is, of course, nearer to the 
eye than the distance of distinct vision. The near point can be 
determined by noting the shortest distance at which very small 
type is legible. 

The focal length of the eye is altered by immersing it in water, 
just in the same way as the focal length of a lens is altered by 
immersing it in water. This is noticed by boys when diving ; the 
pebbles at the bottom are not seen distinctly, because it is 
impossible to make up by increase in curvature what the eye has 
lost in relative refractive index. 

Experiments on the Resolving Power, Chromatic Aberration, and 
Spherical Aberration of the Eye.—(1) Rule parallel black lines in 
Indian ink on a piece of cardboard, making the lines and the spaces 
between them each one millimetre broad. Set up the card in a good 
light, and determine the distance at which the lines can just be seen 
separate. The angle subtended by two adjacent lines at this distance 
is the resolving power of the eye. For a normal eye it should be about 
one minute. 

(2) When the eye is adjusted for parallel light the focus of the violet 
rays lies 0-43 mm. nearer the lens than the focus of the red rays does. 
This difference of focus can be shown very well with certain kinds of 
cobalt glass which let through only the blue and violet and the extreme 
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red end of the spectrum. If we look through such a piece of glass at 
the hlament of an electric glow lamp, we see two images super-imposed, 
a red one and a blue-violet one. If the filament is at a great distance, 
the eye focusses involuntarily on the red image, which consequently 
appears surrounded by a blue-violet haze. If the filament is so near 
that the eye cannot focus on the red, the blue-violet image is seen 
surrounded by a red haze. 

(3) Determine the near point. Pierce a piece of cardboard with a 
pin, hold the pinhole close up to the eye, and look at a page of printing 
through it. It will be foimd that the printing can be read easily when 
closer to the eye than the near point. The focal length is thus less for 
the axial rays than for the marginal rays, the opposite to what happens 
in the case of the single convex lens. 

To And the Blind Spot.—Make a large and a small disc on a piece 
of white paper about 3 in. apart, the one an eighth and the other 
three-eighths of an inch in diameter. Hold the paper so that one eye 
is exactly opposite to each spot, direct both eyes to tne smaller spot, 
and close the eye opposite to this spot. Then move the paper back¬ 
wards and forwards, keeping the open eye directed towards the small 
spot, and it will be found that at a certain distance the large spot 
completely vanishes, because the rays from it enter the open eye 
obliquely, and fall upon the blind spot. 

Defects of Vision. —There are four defects of the eye of frequent 
occurrence, which are remedied by the use of spectacles. These 
are (1) Myopia, or short sight ; (2) Hypermetropia, or long sight; 
(3) Presbyopia ; (4) Astigmatism. 

In myopia, or short sight, the focal length of the eye is too 
small, and parallel rays are brought to a focus in front of the 
retina. Consequently distant objects cannot be seen distinctly. 



Near objects can be seen quite well, and the distance of distinct 
vision is less than in the case of the normal or emmetropic eye. 
The defect is corrected by the use of a concave spectacle lens. 

In hypermetropia, or long sight, the focal length of the eye is 
too great, and when the eye is relaxed, parallel rays are brought 
to a focus behind the retina. By an act of accommodation tlie 
focus can be brought on to the retina in the case of distant objects, 
and consequently they can be seen clearly. But even when the 
lens is curved as much as possible, the images of near objects 
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still fall behind the retina and appear blurred. In the hyper¬ 
metropic eye the distance of distinct vision is greater than for the 
normal eye. Hypprmetropia is corrected by the use of a convex 
spectacle lens. 



Fio. 395.—Long sight. 



Fig. 396.—Long sight corrected. 


Presbyopia is a loss of accommodating power occurring in the 
case of elderly people owing to the stiffening of the muscle that 
alters the curvature of the crystalline lens. People afflicted with 
it can see distant objects clearly, but not near objects. Some¬ 
times the accommodation almost entirely disappears. Convex 
spectacle lenses, usually powerful ones, must be used for reading 
and writing, and less powerful ones for getting about with. 

In astigmatism the focal length of the eye is different in two 
planes at right angles to one another, that is, if on a card two sets 
of parallel lines are ruled at right angles to one another, and the 
card is rotated so that the directions of the lines correspond with 
the above two planes, only the one set of lines can be seen distinctly 
at once. If the other set is to be seen distinctly, the accommoda¬ 
tion of the eye must be altered, and the first set put out of focus^ 
Astigmatism is due to the surfaces of the lens and the cornea, 
principally the surface of the cornea, not being symmetrical about 
their axis. There are few eyes which do not suffer from this 
defect in a slight degree. It is corrected by the use of cylindrical, 
sphero-cylindrical, and toric lenses. A sphero-cylindrical lens i.t 
one, one surface of which is spherical and the other surface ol 
which is cylindrical. A toric or toroidal, or more strictly a piano- 
toric lens, has one surface plane and the other with different 
curvatures in two planes at right angles to one another. 

Diopters. —The power of spectacle lenses is always measured 
in diopters, and is obtained in this unit by dividing 40 by the focal 
length measured in inches or dividing 100 by the focal length 
measured in centimetres. If the lens is a convex one, a -b is 
prefixed to the result, and if concave, a —. Thus a lens of power 
—2 diopters is a concave one with a focal length numerically 
equal to 20 in. 

Exa-mple. —A long-siglited person can see distinctly only objects 
wluch arc at a distance of 60 cm. or more. Calculate in diopters the 
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povver of a paii of spectacle lenses which will enable him to see objects 
distinctly at a distance of 25 cm. 

The lenses must be convergent and of such a strength that the rays 
which diverge from an object at 25 cm. appear after passing through the 
lens to diverge from a virtual image at 60 cm. Suppose that the eye 
is facing towards the right. Then 

1 11 
60 25 / 

and /= — cm. The power of the lens is consequently +2 J diopters. 

Kxaaiplc.—A short-sighted person’s far point is at 80 cm., i.e, he 
cannot see objects distinctly which are at greater distances than this. 
What lens will correct this defect ? 

The eye is too convergent, and hence a concave lens must be used. 
Objects which are at an infinite distance must be seen distinctly, i.e. 
after passing through the lens they must appear to diverge from an 
image at 80 cm. But since the objects are at infinity, the rays which 
come from them are parallel. Hence the focus of the lens must be at 
80 cm. and its power is consequently —IJ diopters. 


A 




Binocular Vision. —When we look at a near object, the lines 
of vision of the two eyes have to converge towards it, and an act 
of muscular accommodation has to be made. The magnitude 
of the slight exertion involved in this helps to give us an idea of 
the distance of the object. But our estimation of distance is 
principally made in another way altogether. The image formed 
on the fovea of the one eye is not exactly the same as the image 
formed on the fovea of the other, because the object is regarded 
by the two eyes from different standpoints. The difference is, 
of course, easily noticed, when we look through a window, and 
close first one eye and then the other ; the window frame appears 
to move relatively to the background. This difference in the two 
images we associate with solidity ; if the 
two images are exactly the same, as is 
the case when we look at a picture, the 
images on the retinas of the two eyes fuse 
together perfectly, and give a sensation 
of flatness, and the objects in the picture < 
do not stand out in relief. 

The Stereoscope. —The stereoscope is 
an instrument used for looking at photo¬ 
graphs with, which gives them a wonderful 
sense of relief and solidity. The photo¬ 
graphs must be taken in pairs, each pair 
of the same object but from slightly 
different standpoints. Fig. 397 illustrates the principle of the in¬ 
strument. ab and a'b' are the two photographs, ab is looked at 
by the one eye through the half lens M, and a'b' by the other eye 
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through the half lens N, which is of the same power as M. Each 
of these lenses produces a virtual enlarged image, and also acts as 
a prism and deviates the rays. The two images thus appear at 
AB on the top of one another, and, as owing to the photo- 
grapl^ being taken from different points the images do not 
superimpose perfectly, the observer sees one picture which seems 
to stand out in relief. 

Photographs for the stereoscope may be taken with an ordinary 
camera by placing it first in the one position and then in the 
other. ^ They are, however, usually taken simultaneously by means 
of special cameras with two equal lenses mounted a short distance 
from each other side by side. A special camera is necessary 
when moving objects are to be photographed. 

Adding Coloured Lights.—We shall now pass on to the study 
of the sensation of colour. Let us suppose that by means of three 
projection lanterns we are able to throw three discs of light upon 
a screen in a darkened room, also that one of the discs is red, 
another green, and the third blue. For the success of the experi¬ 
ment it is necessary that the colours should be very pure. Then 
by tilting the lanterns the discs may be made to move across the 
screen and superimpose on one another. It will be found that if 
the red is superimposed on the green we obtain yellow. Strong 
red imposed on weak green gives orange, weak red on strong 
green yellowish green. Green superimposed on blue gives 
peacock blue. Red superimposed on blue gives magenta, and 
red on a stronger blue gives purple. Red, green, and blue super¬ 
imposed on one another make white. If white is dimmed, we 
get grey ; if orange is dimmed we get brown. Superimposing 
white on any colour makes it paler. Thus by means of the three 
colours, red, green, and blue, we obtain nearly all the colours 
that occur in nature. They do not give us violet, but pure 
violet does not occur frequently in nature. So red, green, and 
blue are termed the primary colours. Putting our results in the 
form of a table we obtain : 

Red H-Green -1-Blue=White 
Red-i-Green=Yellow ”1 

Green+Blue=Peacock blue> 

Blue -f-Red =Magenta J 

Red-f-Peacock blue = White j 
Green +Magenta=White I 
Blue+Yellow=White j 

Peacock blue, magenta, and yellow are termed the three 
complementaries, since each of them combined with one of the 
primaries gives white. Peacock blue Ls sometimes referred to as 
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minus-red, since it is the colour obtained by subtracting red from 
white, and in the same way magenta and yellow are referred to 
as minus-green and minus-blue. 

The Colour Triangle.—The colour triangle, which is represented 
in Fig. 398 and also in the frontispiece, is a very useful method of 
exhibiting at a glance the results of adding all possible combina¬ 
tions of coloured lights by the arrangement described in the 
previous section. The first attempt at a diagram of this nature 
is given in Newton’s Opticks^ but 
the method was not developed 
fully until it was taken up by 
Helmholtz and Maxwell two cen¬ 
turies later. In the triangle, which 
is an equilateral one, every point 
represents a colour. The primary 
colours are at the corners, the 
complementaries at the mid-points 
of the sides, and white at the 
centre. The spectrum colours, 
red, orange, yellow, yellowish- 
green, green, peacock blue, lie 
along the first and then somewhat 
outside the second upper side of the triangle. The violet end of 
the spectrum is below blue outside the triangle. The colours 
along the base are, in order, red, rose-pink, magenta, purple, blue. 
The saturated colours lie along or outside the sides of the triangle ; 
the paler colours inside round about white. For example, if 
we travel along the median from the red corner, the red becomes 
paler and paler, until it merges into white ; the white then takes 
on a faint peacock-blue tinge which increases in saturation until 
the side of the triangle is reached. 

It is found that if any two colours in the diagram are super¬ 
imposed, their intensities being in the ratio of a to by the result is 
represented by the point in the line joining their positions which 
divides this line in the ratio of a to by and is nearer the colour of 
which most was taken. Or, in other words, the rule is the same 
as that for finding the position of the centroid of two unequal 
masses. Thus, since red and green in equal quantities make 
yellow, yellow is represented by the point midway between them, 
and we infer from the diagram, for example, that if yellow and blue 
are added to make white, the intensity of the yellow must be 
twice as great as the intensity of the blue. This is sometimes 
expressed by saying that blue is twice as strong as yellow of the 
same intensity. 

The properties of the colour triangle may be proved also by 
the following three experimental arrangements. 
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Fig. 398. 
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Maxwell’s Colour Disc.—Fig. 399 represents red, green, and blue 
discs, in which slits are cut. Two of these discs are slipped into the 
slit of the third, and so combined into a single disc, as shown in Fig. 400. 





BLUE 



Fig. 400. 


The arrangement will be understood better, if a model is cut out with a 
pair of scissors, and fitted together as shown in the figure. The resultant 
disc has three sectors, all of variable angle, for the angles can be altered 
by slipping the discs round. Suppose, now, that this disc is spun 
rapidly round Its centre by fixing it on a turntable rotated by a handle 
and gearing ; then the colours of the different sectors fuse owing to the 
persistence of vision, and the impressions on the retina add. The 
relative intensities of the different colours can be altered by varying 
the angles of the sectors, and the arrangement enables us to combine 
the three primaries in all possible proportions. The disc must be 
placed in a good light. Instead of the three primaries any two colours 
may be used. It is found that the results given by this arrangement 
agree with those obtained by superposing lights upon a screen. 

Lambert’s Method of Superposing Colours.—Fig. 401 represents 
another method of mixing colours, Lambert’s method. P is a glass 
plate, a stripped photographic plate, for example. A and B are pieces 

of red and blue coloured paper laid 
out on a piece of black velvet cloth. 
The eye can see A through the 
glass, and B by reflection from the 
surface of the glass ; they conse¬ 
quently appear superimposed, and 
the colours mix. With the arrange¬ 
ment shown in the diagram the 
red would appear much brighter 
than the blue. By holding the 
glass plate so that the reflection 
takes place at grazing incidence, 
the blue can be made brighter. 
This might also be done by illumi¬ 
nating it with a lamp. 

Newton’s Method of Superposing 
Colours.—The spectrum colours 
themselves can be mixed by the 
arrangement shown in Fig. 402. RV is a spectrum formed by a glass 
prism. It is received by a lens which focusses it on a screen W, where 
an image of the prism is formed. If all the colours of the spectrum are 
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received by the lens, this image is white. But if a sheet of cardboard 
is placed at VR with two slits in it, one to let through the red and the 
other to let through the green, then at W we shall have a red and a 
green image of the prism superimposed, and the result will be yellow. 
In the same way, by having the slits at other points in the spectrum 



the effect of mixing other colours can be tried. This is the manner in 
which Newton hrst studied the subject, and laid down its principles 
two and a half centuries ago. The arrangement was greatly improved 
by Sir William Abney ; his development of it is known as “ Abney’s 
Colour Patch Apparatus.” 

Mixing Coloured Pigments. —According to experiments made 
by the various methods described above, red, green, and blue 
are the primary colours. But from our experience with water 
colour paints in childhood, we have always been accustomed to 
regard red or rather carmine, yellow, and blue as the primary 
colours. If we take six large test-tubes, three empty and three 
filled with a carmine, a yellow, and a blue liquid respectively, for 
example, solutions of fuchsin, naphthol yellow, and copper 
sulphate, and if we pour the solutions two and two together into 
the empty tubes, then the carmine and yellow make red, the 
yellow and blue make green, and the blue and red purple. This 
is a good way of exhibiting the mixing of pigments to a large 
audience. Yellow and blue then make green. According to 
the colour triangle they should make white. Whence comes the 
contradiction ? 

The colours of natural bodies and pigments are due to the fact 
that most of the white light falling on them goes some distance in, 
and some of its constituent rays are absorbed before reflection 
takes place. Thus a yellow pigment appears yellow because, 
when the constituents of white light fall upon it, the blue and 
violet are absorbed, and red, yellow, and green reflected. Most 
yellows occurring in nature are not very pure, and reflect red and 
green as well as yellow. A blue pigment appears blue because 
it absorbs red and yellow ; most blues occurring in nature are not 
very pure, and reflect green as well as blue. When the yellow and 
blue pigments are mixed, the mixture absorbs all the coloui-s 
absorbed by its components singly, i,e. blue, violet, red, and 
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yellow. Gieen is the only colour left. It alone is reflected and 
the mixture appears green. A mixture of pigments gives only 
the colour which neither absorbs, not the sum of the two colours, 
as we obtain when adding lights. 

The Wratten Filters.—Kodak, Ltd., sell two sets of coloured 
gelatine filters which illustrate the mixture of coloured pigments 
excellently, and are very useful for experiments on colour generally. 
The first set, the standard tricolours, let through each one-third of the 
spectrum, and give red, green, and blue. The second set, the comple- 
mentaries, let through each a different two-thirds, and give peacock 
blue, yellow, and magenta. When the complementaries are combined 
two and two together, they give the primaries, a perfect match being 
obtained in each case, and when all three complementaries are combined 
they give black. Now combining the two complementaries yellow and 
peacock blue is equivalent to mixing yellow and blue pigments ; in 
each case the resultant colour is that of the third of the spectrum 
absorbed by neither. 

Three-Colour Printing.—Theoretically the best three colours to 
use in three-colour printing would be the complementaries of the 
colour triangle ; inks of exactly the right colour are, however, dilTicult 
to obtain, and the result is generally a compromise. The last diagram 
of the frontispiece is an example of three-colour printing. The yellow 
impression is made first, then the magenta or carmine, and finally the 
blue. 

Anaglyphs.—Anaglyphs are pictures printed in two colours which 
are looked at through pieces of coloured gelatine, and produce a stereo¬ 
scopic effect. They have recently become well known through being 
printed in certain illustrated papers. 

It was explained on p. 401 that for objects to stand out in relief 
it was necessary for each eye to see a picture appropriate to its own 
standpoint. An anaglyph consists of two separate pictures printed on 
the top of one another, one for each eye, one in red and the other in 
bluish green. The pieces of gelatine are red and bluish green. The eye 
which looks through the red gelatine sees the red picture either not at 
all or very faintly, because to it the white background appears red ; 
it secs the green picture as black, because the rays reflected by green do 
not go through the red filter. The eye which looks through the green 
filter does not see the green picture, but sees the picture drawn in red 
lines as black. Hence each eye sees its o^vn picture, and the two pictures 
fuse together producing the stereoscopic effect. 

Colour Vision. —Nearly all colours can be reproduced by adding 
the three primaries, red, green, and blue, in varying proportions. 
This fact is beyond all dispute. But three authorities on the 
subject, Young, Helmholtz, and Maxwell, made the additional 
assumption, that there are three primary colour sensations 
corresponding to these primary colours ; this is the fundamental 
hypothesis of the Young-Helmholtz theory of colour vision, and 
it has been a subject of debate for years. 
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Put in its simplest form, the Young-Helmholtz theory states, 
that in the retina of each eye there end three sets of nerves, one 
set for the sensation of red, another for the sensation of green, and 
a third for the sensation of blue. When red light falls on the eye, 
it stimulates the red nerves. When yellow light falls on the eye, 
it stimulates both the red and green nerves. When white light 
falls on the eye, it stimulates all three sets of nerves. 

Colour Blindness. —Certain individuals are unable to recognise 
colours or match them properly ; they are referred to as “ colour 
blind.” Some are so bad that they are quite unable to distinguish 
between a good red and a good green; others make only minor 
mistakes when seeing is good, but are liable to confuse red, green, 
and white under difficult circumstances, when, for example, they 
are tired, and the lights are small and seen at a distance through 
mist or rain. With a healthy subject the defect occurs much more 
frequently with men than with women ; 5 per cent, of men are 
usually assumed to have congenital colour blindness, but only 
two in a thousand women. 

It is, of course, very important that the colour blind should not 
be admitted into occupations in which signal lights have to be 
distinguished, and there are various tests for colour blindness, 
of which the Board of Trade lantern test is perhaps the most 
important. The candidate to be tested sees two apertures in the 
side of the lantern by reflection in a mirror; they appear to him 
the same size as signal lights at a distance. Their colours are 
changed rapidly and in different orders, and he is simply asked to 
name them. 

According to the original form of the Young-Helmholtz theory 
the colour blind lacked either one or two of the three sets of nerves. 
All the commonly occurring cases of colour blindness lacked either 
the red or green set of nerves, and were consequently referred to 
as red or green blind. It is now universally recognised that 
conditions are not so simple as this. But the subject is 
controversial, and it would be out of place to go further into it 
here. 


EXAMFI.E8 VIII 

1 . Determine the near and far points of your own eyes. 

2. A long-sighted person can see distinctly only objects wliich are 
at a distance of 50 cm. or more. Find the power of spectacle lenses 
which will enable him to see distinctly objects at a distance of 25 cm. 

3. The far point of a certain short-sighted person is situated at a 
distance of 30 cm. from the eye. Calculate in diopters the power of a 
spectacle lens which will enable him to see objects at a distance. 
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^ A short-sighted person sees printed matter most distinctly when 
it is at a distance of 12 cm. from his eyes. Find the power of spectacle 
lenses which will change his distance of distinct vision to 30 cm. 

5. A short-sighted person has distinct vision at 4 inches. What 
kind of spectacle lenses will enable him to read a book at a distance of 
15 inches from his eyes ? 

6. A person whose distance of distinct vision ts 12 cm. uses a 
magm^ng glass of 4 cm. focal length to magnify a small object. What 
is the distance of the object from the magnifying glass when in focus* 
and what is the magnification obtained ? 

7. What is the apparent colour of a green body, when it is in a room 
to which only red light is admitted ? 

8. Red light is found to penetrate a fog more effectively than light 
of any other colour. Would the penetrating power of an arc lamp be 
increased by passing its rays through red glass 9 


CHAPTER IX 


THE NATURE OF LIGHT 

Galileo’s Experiment. —Galileo made an attempt to determine the 
velocity of light by means of two observers furnished with lamps 
and situated a distance apart. The first observer uncovered his 
lamp, and the second observer uncovered his as soon as possible 
after seeing the light from the first observer’s lamp. The idea 
was, that the time which elapsed between the first observer’s 
uncovering his own lamp and his seeing the second lamp would be 
equal to the time taken by the light to go from him to the second 
observer and back. The method failed owing to the enormous 
velocity of light, the time taken by it to travel the distance in 
question being very much less than the time necessary to uncover 
one lamp or to see another. 

The velocity of light can be determined experimentally by 
four separate methods. These, taken in order of their discovery, 
are Romer’s method, the aberration method, Fizeau’s method, and 
Foucault’s method. Fizeau’s method is the easiest of the four 
to understand. 

Rbmer’S Method. —Four of the moons of the planet Jupiter 
are large enough to be observed easily with a small telescope. 
Their periods of rotation about Jupiter vary from 42 hours to 
16| days. Their orbits are in approximately the same plane as 
the orbit of Jupiter about the sun. They are, of course, dark 
bodies, and are illuminated solely by the reflected light of the sun ; 
consequently when they enter the shadow cast by Jupiter they are 
eclipsed or disappear. Now it is natural to assume that they 
rotate about Jupiter with uniform angular velocity. Consequently 
the interval of time that elapses between two successive eclipses 
of any one moon should always be the same. 

In 1675, however, the Danish astronomer Romer observed a 
peculiar variation in the times of occurrence of the eclipses. When 
the earth was approaching Jupiter they occurred too close together, 
and, when the distance between the earth and Jupiter was 
increasing, they occurred too far apart. He explained the 
difference by means of the time taken by light to pass through 
space. 
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In Fig. 403 let S represent the sun, and let the two circles be 
the orbits of the earth and Jupiter. E and J are the positions of 
the earth and Jupiter when they are in conjunction, i.a. nearest 
one another, and E' and J' their positions when in opposition, i.e. 
farthest from one another. Jupiter takes 11*86 years to make a 
revolution round the sun, so that it moves only from J to J', 
while the earth moves from E to E'. 

We can regard the eclipses of any moon as a uniform series of 
time signals sent out by Jupiter. Owing to its distance from 
Jupiter the earth does not receive them until an appreciable time 
after they are sent out. As the earth moves from E to E', its 
distance from Jupiter increases, and the signals are received later 
and later ; as the earth moves from opposition to conjunction 
again, the distance decreases, the signals are received earlier, and 


y J 



Fig. 403. Fig. 404. 


when the earth and Jupiter are again in conjunction the lost time 
is made up. According to Romer, when the earth is in opposition, 
the signals have fallen 996 sec. behind the uniform rate, and this 
is the time taken by the light to travel the distance AE', i.e. the 
diameter of the earth’s orbit. 

The diameter of the earth’s orbit is 1*859 x 10® miles. Hence, 
using the modern value of 1002 sec. instead of Romer’s 996, we 
find for the velocity of light 

= ml./sec. 

=2-98 X 10>® cm./sec. 

The Aberration Method. —The apparent direction of the light 
from a star depends on the motion of the telescope. For example, 
in Fig. 404 let OS be the true direction of a star, let the telescope 
be pointed in the direction OS. and let the telescope and observer 
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be moving with velocity v in the direction OP. Then, when 
the light is passing down the telescope, the latter is moving 
sideways; consequently the path of the central ray relative to the 
telescope is shown by the dotted line QOj, and if the image of the 
star is to appear in the middle of the field on the cross-wires, the 
telescope must be pointed in the direction O^Q. We suppose that 
the image is a small distance from the centre of the field. Let 6 
be the true direction of the star, let V be the velocity of light, and 
let t be the time taken by the light to travel down the telescope. 
Then OiQ=Vi and OjO=i»i. Also in triangle QOOj 


This gives 


sin OjQO sin QOOi 

OjO 

sin OjQO sin 6 


vt 


V< 


or, since sin O^QO is very small 

/^OjQO=;^ sin 6 


V 


Thus, owing to the motion of the telescope, the star is displaced 
in the direction of that motion in front of its true position by an 
angle equal to (v sin 0)/V. 

The earth moves in its orbit about the sun with a velocity 
of about 18§ ml./sec. If this value be substituted for v, and sin 6 
be put equal to unity, (v sin ^)/V takes the value 20 sec. Thus, 
if the telescope is moving with the velocity of the earth, the stars 
receive an apparent angular displacement varying from 20 sec. to 
0 sec. according to their position in the heavens. 

This apparent displacement is known as aberration. It was 
discovered and measured in 1726 by Bradley, the Astronomer 
Iloyal. He gave the correct explanation, and calculated the 
velocity of light from his observations. Bradley’s discovery 
proved the correctness of Romer’s views ; until then they had been 
neglected. Aberration has the effect of making the apparent 
position of each star execute an annual motion about its true 
position. 

Fizeau’s Method. —The first terrestrial determination of the 
velocity of light was carried out by Fizeau in 1849. His arrange¬ 
ment is shown diagrammatically in Fig. 405. A beam of light 
from a source S passes through a converging lens, is reflected by a 
glass plate P, and comes to a focus at F. It is then made parallel 
by the lens O, traverses^ very great distance OL, falls on the lens 
L, and is brought to a focus on the surface of the concave mirror At. 
Tlie radius of curvature of this mirror is equal to ML, its distance 
from the lens ; the central ray of any pencil through the lens thus 
falls On the mirror normally, and is reflected back the way it comes, 
even though inclined to the axis of the mirror. The lens and 
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mirror L and M thus direct the beam back through the lens O 
to form a real image once more^t F, and the observer looks at 
this real image through the eyepiece E and the glass plate P. 

W is a toothed wheel, and, as it rotates, its teeth pass one after 
another through the point F alternately stopping and letting 
through the light. If the wheel is moving slowly the eye sees a 

S. If the images succeed each other fastei 
than 15 or 20 a second, the flickering ceases owing to the persistence 
of vision, and the image becomes steady. It is, of course, not as 
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bright as it would be if the wheel were away; the teeth in passing 
stop some of the light. 

If the speed of the wheel is still increased, so that the time 
taken by the light to go from F to M and back is exactly equal to 
the time required for a tooth to move into the position formerly 
occupied by an open space, the light is intercepted by a tooth on 
its return, and the image vanishes. If the speed of the wheel is 
now doubled, the light passes through the next space, and the 
image is again visible ; if the speed of the wheel is trebled, the 
light is intercepted by the next tooth, and again vanishes. And 
so on ; as the speed increases, the image alternately appears and 
vanishes. 

In Fizeau’s experiments the wheel had 720 teeth, and the 
widths of the teeth and open spaces were equal. The distance 
between M and F was 8-6 km. A determination was made of the 
angular velocity of the wheel for which the image disappeared. 
Let it be co radians/sec. for the nth disappearance, and let V be 
the velocity of light in km./sec. Then {cf. Fig. 406) 


2 x8*6 


%»e» 


V= 


(2n—1) 27r 1 

2 * 720 ■ <o 

720 X2 X8-6 


a> 


(2n—l)7r 


whence V can be calculated. 

The best determination by Fizeau’s method was made by 
Perrotin at the Nice Observatory in 1900. The distance FM 
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(Fig. 405) was 40 km., and the result obtained was 2'9986xlOio 
cm./sec. 

Foucault’s Method. —Fig. 407 shows the details of the method 
by which Foucault made a determination in 1862. It requires a 
much shorter distance than Fizeau’s method. S is a rectangular 
aperture illuminated with sunlight, Q a plane parallel plate of 
glass, L a lens, R a plane mirror, which can be rotated about an 
axis perpendicular to the plane of the figure, and M a concave 
mirror. The lens L forms an image of S on M. The centre of 
curvature of M is at the centre of R, hence no matter what the 
position of R is, if the light from it falls on M at all, it falls on it 
normally and is thus reflected back along its path. If R is in the 
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same position when the light reaches it again, the rays travel 
back to Q and are reflected to form an image at the side at P. 
If R is rotating rapidly, it has moved through an appreciable 
angle by the time the beam returns from M, and consequently 
the light is reflected in the direction of the dotted rays to form an 
image at P'. 

In Foucault’s experiment the distance RM was 20 metres, and 
the displacement PP' 0-7 mm. From the displacement the angle 
turned through by R was calculated, and then the angular velocity 
of R having been determined, the time taken by the light to go 
from R to M and back was known. 

By placing a tube with water between R and M, Foucault was 
able to show that the velocity is less in water than in air. 

Foucault’s method has been used and considerably improved 
by Michelson and by Newcomb. Michelson’s result (1882) 
was 2*9985 X101® cm./sec., and Newcomb’s result 2-9986 XlQi® 
cm./sec., the same value as Perrotin obtained afterwards by the 
other method, Michelson has recently made a re-determination 
which has given the result 2-9980 xlOi® cm./sec. with an accuracy 
of one part in ten thousand. In order to simplify calculation the 
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value 3x1010 cm./sec. is generally used. This is a very great 
velocity ; light could travel round the world 7^ times in a second. 

The two terrestrial methods of determining the velocity of 
light are much more accurate than the astronomical methods. 

Emission Theory. —We have seen that light travels with a 
finite veloeity. Light rays carry energy with them ; this is shown 
by the heating effect they exert on bodies on whieh they fall. 

Now energy is propagated with a finite velocity in two different 
ways : 

(1) By the motion of the matter carrying the energy ; 

(2) By the transference of the energy alone, as in wave motion, 
the matter remaining stationary. 

An example of the first way is the stream of bullets from a 
machine gun. There each bullet has an amount of kinetic energy 
given by \mv^y where m is its mass and v its velocity, and if the 
bullet is stopped by a wall, this energy reappears as heat in the 
wall. Now we explain things by analogy with other things. 
Hence it is natural to assume that light rays consist of jets of 
extremely small particles shot out from the source like a stream 
of bullets. The particles are so small, that they can be emitted 
from the source for a long time without causing it to lose weight. 
This manner of explaining the ray is called the emission theory of 
light, and it was the theory adopted by Newton. 



M 

Fig. 408. 



The emission theory gives a natural explanation of the 
rectilinear propagation of light. It also accounts in a simple 
manner for the laws of reflection and refraction. For, suppose 
that the particles are perfectly elastic, and rebound from the 
mirror like rubber balls. Let the arrow A represent the path and 
also the incident velocity of a particle incident at M (Fig. 408). 
Resolve this velocity into the two components B and C. The 
vertical component has its direction reversed by the impact, and 
so can be represented by D after reflection. The horizontal 
component is unaltered, and so can be represented by E. D and 
E compound into F. which makes the same angle with the normal 
as A does. 
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To explain refraction let A (Fig. 409) represent the incident 
velocity as before. Let its magnitude be V, and let <f> be the angle 
of incidence. Newton supposed that on approaching the denser 
medium the particle is attracted by the molecules of the latter. 
Consequently the normal component of its velocity is increased, 
and has in the second medium to be represented by an arrow D 
which is longer than C. Since there is no force on the particle 
tangential to the surface, the tangential component remains 
unaltered, and E is equal to B. Thus the resultant velocity in 
the second medium is represented in magnitude and direction 
by F. Let V' be its magnitude, and let 6 be the angle of refraction. 
Since 

B = E. V sin «^=V' sin ^ 

^ sin 4> V' 

sin d V 


i.e. the law of refraction holds, provided that the velocity in the 
second medium is constant, also that the velocity is greater in 
the denser medium. 

Hence according to the emission theory the velocity of light must 
he greater in water and glass than in air. 

Wave Theory. —The simplest way of studying wave motion 
is to drop a stone into a pool, and watch the train of waves 
propagated out on the surface of the water from the centre of 
disturbance. When a wave is passing, the water particles oscillate 
about their positions of equilibrium, and after the wave is past, 
they return to these positions. But the energy of the initial 
disturbance is carried on, and transformed into the motion of the 


stones caused by waves breaking at the edge of the pool. 

The analogy between the propagation of light and wave 
motion is not at first sight very pronounced, but in 1678 Huygens 
put forward the theory that light consisted of a wave-motion 
propagated in the ether. The rays were at right angles to the 
wave-front. The ether was a continuous weightless medium 
filling all space. It was necessary to postulate the existence of 
this medium for the light to travel 
in from the sun, for there is no 

matter in interstellar space. A B 

Huygens gave the following 
construction by which, if the 
position of the wave-front was known, its position could be found 
after any interval of time. Let AB (Fig. 410) be the wave-front ; 
consider all the points on the wave-front as centres of disturbance, 
and draw spheres with these points as centres, and the distance 
the light would travel in this time as radius. Then all these 
spheres have a common tangent plane. This tangent plane is 


Fig. 410. 
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the position of the new wave-front after the given interval of 
time. Thus the wave-front at any point is moving in the direction 
of the normal to the wave-front at that point. The construction 
can be applied to curved surfaces as well as to plane ones. 

Huygens’ Construction for Reflection and Refraction.— To 

apply Huygens construction to the reflection of a plane wave, let 

AB be the trace of a plane wave-front which is perpendicular to 

the plane of the paper, and let CD be the trace of a reflecting 

surface, also perpendicular to the plane of the paper. Draw BF 

perpendicular to AB to meet CD in F ; draw AE parallel and 

equal to BF, and join EF. Then EF gives a position which the 

wave-front would'have occupied if there had been no mirror. 

Take P any point on the wave-front, and draw PQR perpendicular 
to AB. ^ t' t' 

Let A and Q act as centres of secondary disturbances. With A 
as centre draw a circle of radius AE, and with Q as centre draw a 

circle of radius QR. 
Then, when the point 
B has reached F, the 
light from A and P has 
reached the circum¬ 
ferences of the two 
circles. Since FRE is 
tangent to both circles, 
it is possible to draw a 
construction for reflection. straight line FSG tan¬ 
gent to both circles. 
As P was any point on AB, FG touches the secondary waves 
derived from all points on AF, and is consequently the trace of 
the reflected wave-front. It is obvious from the figure, that AB 
and GF are inclined equally to CD, and hence the angles of 
incidence and reflection are equal. 

To apply Huygens* principle to the refraction of the same wave, 
let V be the velocity in the upper medium and V' the velocity in 
the lower medium, let AB be the trace of the incident wave, let 
ED be the position it would liave reached in time t, had there been 
no refraction, and let CD be the trace of the refracting surface. 
Then AE=Vf. From P, any point on AB, draw PQR perpen¬ 
dicular to AB. With A as centre draw a circle of radius AG=V'/, 
and with Q as centre draw a circle of radius QS=QR V'fV. Then 
when the point B has reached D, the light from A and P has 
reached the circumferences of these two circles. Through D draw 
DG tangent to the larger circle ; it may then be shown to touch 
the smaller circle and consequently to be the trace of the refracted 
wave-front. 

AG gives the direction of the refracted ray and AE of the 
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Incident ray. Hence ^ADG is equal to the angle of refraction, 
/.ADE equal to the angle of incidence, and 

sin Z.ADE AE/AD AE V 
'‘~sin ZADG“'AG/AD“AG V' 

This result is of fundamental importance. Put in words, it states 
that according to the wave theory the velocity of light in any 
transparent medium varies inversely as the index of refraction of 
the medium. Conse¬ 
quently the velocity in 
■water and in glass is 
less than the velocity in 
aivt the opposite conclu¬ 
sion to that arrived at 
by the emission theory. 

The Decisive Experi¬ 
ment. —According to the 
emission theory the velo¬ 
city of light in water 
should be greater than 
in air, and according to 
the wave theory it should 
be less than in air. 

Foucault’s experiment on the velocity of light in water (p. 418) is 
thus an experimeniuTn crucis between the two theories, and it 
decides in favour of the wave theory. It was, however, not 
Foucault’s experiment that gave the decision ; the question had 
been settled previously by the experiments on interference of 
light, described in the next chapter. In any case, for a century 
now the wave theory of light has been almost universally adopted. 

Geometrical and Physical Optics. —Up to the beginning of the 
present chapter the only assumptions made about light were, 
that it was propagated in straight lines, and obeyed the laws of 
reflection and refraction. The part of the subject which can be 
developed on these assumptions alone is termed geometrical opticSy 
and it comprises the first eight chapters of this part of the book. 
When we make additional assumptions about the nature of light, 
such as that it is a wave-motion, we are passing into the realm of 
physical opticSy and it is with physical optics that the remaining 
pages on Light will deal. 

Wave-length. The Complete Spectrum. —Fig. 413 represents 
a wave. The distance between two successive crests or two 
successive troughs is called the wave-length, and is usually 
denoted by A ; the velocity with which any crest or trough moves 
is called the velocity of the wave, and is usually denoted by V, 
and the time T taken by a crest to travel a distance equal to one 


B 
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wave-length is called the period of the wave. The number of 
crests that pass per second is called the frequency of the wave, 
and is usually denoted by n or v. Hence 

T = i, A=VT, and V=nA 

The maximum displacement of each vibrating particle from its 
equilibrium position, ue, the perpendicular distance from the top 
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of the crest or the bottom of the trough to the dotted line is called 
the amplitude of the wave. 

Let us suppose that a wave of light falls upon the surface of a 
refracting medium. Then by Huygens* construction the points 
on the surface of the medium may be regarded as secondary 
sources. They are vibrating under the influence of the incident 
wave and sending out waves in the second medium. It conse¬ 
quently follows, that the period T of the wave must be the same 
in both media. Let V and V' denote the velocities of light and A 
and A' the wave-lengths in the upper and lower media respectively. 
Then 

V A/T A A 

'^-V'-A'/T-A" "(A. 

i.e. the wave-length varies inversely as the index of refraction. The 
length of the wave in water is three-quarters of its length in air, 
and the length in crown glass is approximately two-thirds of its 
length in air. 

The wave-length of light increases from the violet to the red 
end of the spectrum, the values for the ends being about O-OOOO^O 
cm. and 0*000076 cm. The values for the two components of the 
sodium line, the D lines, are 0*00005890 cm. and 0*00005896 cm., 
the mean value being 0*00005893 cm. As it would be inconvenient 
always to have to write down a decimal point and four nothings 
every time we wish to express a wave-length, it, is customary to 
use special units for this purpose. These are the Angstrom unit,’*' 
10“® cm., named after the investigator who introduced it, and 
commonly denoted by A.U., the micron, 10“^ cm., written y., and 
the micromillimetre, lo-^ cm., written /x/x. Thus the mean 
wave-length of sodium light is 5893 A.U., 589*3 or 0*5893 /x, 
according to the unit it is expressed in. The scale above the 
frontispiece gives the wave-lengths of the different colours in A.U. 

^ It is becotniog customary to refer to this as the aagstrom, and to 
denote it simply by A. 
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It will be observed, that the wave-lengths are more crowded 
together at the red than at the violet end of the spectrum, and 
that the angular separation between two colours in a prismatic 
spectrum is not proportional to their difference of wave-length. 
This fact is sometimes referred to as the irrationality of the spectrum. 

Heat rays have been measured with a wave-length of 107/z, 
or one hundred and forty times as long as the wave-length of the 
red end of the spectrum, and from this limit there is an unbroken 
series aU the way to the end of the visible spectrum. The ultra- 
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Fio. 414.—The complete spectrum. 

violet 4jan be photographed to 1800 A.U. ; it can be traced much 
further than this, if work is carried on in a vacuum, for the air 
of the atmosphere exerts a very strong absorption on wave¬ 
lengths below this limit. But the infra-red and ultra-violet do 
not exhaust the spectrum. The electromagnetic waves used in 
wireless, X-rays, and the y rays of radium, though differing widely 
in their properties, are known now to be of essentially the same 
nature as light. The only real difference between them lies in 
the value of the wave-length. Electromagnetic waves have a 
much longer wave-length than the infra-red, and X-rays and 
y-rays much shorter wave-lengths than the ultra-violet. Fig. 414 
shows their relation to the visible spectrum. The gaps represented 
in black between X-rays and ultra-violet and between infra-red 
and wireless have not yet been fully explored. 

Longitudinal and Transverse Waves. —PX, PY, and PZ are 

mutually perpendicular to one another. Let us suppose that a 
wave is propagated in the direction PX. PX is 
the normal to the wave-front; it is one of the 
rays of which the wave is composed. Consider 
a particle situated at P. As the wave passes, 
it executes vibrations. What is the direction of 
these vibrations ? 

They may be in the direction of PX itself. 

Th/s is what happens in the case of sound waves 
in air; the air molecules oscillate backwards and 
forwards in the direction of propagation of the 
wave. In this case the wave is said to be longitudinal. 

On the other hand, the vibrations may be at right angles to 
PX, i.e. in the plane YPZ. In this case the wave is said to be 
transverse. It is also possible that the vibrations may be not 
only in the plane YPZ, but always parallel to a certain direction 
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in this plane, for example, parallel to PY. In this ease the wave 
is said to be transverse and plane polarised in the plane ZPX. 

Let us approach the matter from another standpoint. If a 
long cord is stretched horizontally and suddenly struck with the 
hand, a pulse or indentation travels along it, of the shape shown in 
Fig. 416. It goes too fast to be followed by the eye. If, however, 
a heavy rope about 20 ft. long is fastened at one end and allowed 
to hang vertically, and if the loose end is held with the one hand, 
and the rope struck with the other a little above this end, the 
pulse can be seen ascending the rope and then descending it after 
reflection at the top. The pulse is a solitary transverse wave 
passing along the rope. 

Let us suppose now, that we have two boards with slots in 
them, A and B (Fig. 416), and that pulses in all possible planes 

travel along the rope from 
the right towards A. If 
the plane of the pulse is 
parallel to the slot, it will 
get through undiminished. 
If it is inclined to the 
slot, only the component 
parallel to the slot will get 
through. If it is at right 
angles to the slot, it will 
be stopped altogether. Let us suppose now, that the second slot 
is at right angles to the first; then the pulses that get through the 
first will be stopped by the second, and nothing will get through 
at all. 

To recapitulate : if the pulse is plane polarised, it can be 
stopped by a single slot turned the right way ; if we have a series 
of transverse pulses in different planes, they can be stopped by 
two consecutive slots at right angles to one another ; if the 
vibration gets through two consecutive slots set at right angles to 
one another, the wave must be longitudinal. 

We shall now apply the above results to the study of light. 

Double Refraction. —Calcite or Iceland spar is crystallised 
calcium carbonate, and was at one time found in great quantities 
in Iceland *in very large crystals of watery clearness. It cleaves 
very perfectly along three directions forming parallelepipeds, or 
rhombs as they are called in this connection, with their faces 
parallel to the planes of cleavage. 

Let a pencil of light JK fall on the surface of such a rhomb 
(Fig. 417). Then in general it forms two refracted rays, one KM 
a continuation of the incident ray, such as we would get in the 
case of glass, and another KL which is inclined to the normal at 
K, even though the angle of incidence is zero. KM is called the 
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ordinary jay and KL the extraordinary ray. After emerging 
from the rhomb the two rays are parallel. If the rhomb is rotated 
round JICM as axis, the extraordinary ray travels round the 
ordinary ray. 

The above phenomenon is called double refraction. It is 
exhibited by other crystals as well as by Iceland spar, but not 
in such a marked manner. It 
was discovered by Crasmus 
Bartholinus in 1669 for the 
case of Iceland spar. 

Nicol Prism. —The rays (Fig. 

417) are too close together to 
be examined singly. If, how¬ 
ever, a rhomb, the edges of the 
end faces of which are equal and 
one-third the length of the other 
edges, is sliced from end to end, as shown in Fig. 418, and if the 
cut faces are polished and re-united with a film of Canada balsam, 
then the rhomb transmits only one of the rays. For the index 
of refraction of the ordinary ray AO is greater than the index of 
refraction of Canada balsam, the index of refraction of the extra¬ 
ordinary ray AE is less than the index of refraction of Canada 
balsam, and the angles of incidence of the two rays on the film are 
such that the extraordinary ray goes through, while the ordinary 
ray is totally reflected 
to the side. A rhomb 
prepared in this way 
is called a Nicol prism, 
or simply a nicol, after 
its inventor. 

Natural and Polar¬ 
ised Light. —Let us set up two nicols with their faces parallel. 
Then a pencil of light which passes through the first also passes 
through the second. But if the second nicol is rotated througli 
90® about the ray as axis, the light is stopped completely by 
the second nicol. The natural explanation of this experiment 
is, that the nicols play the roles of the slots in Fig. 416, that the 
light incident on the first nicol consists of transverse pulses 
or waves vibrating in all directions at right angles to the 
direction of propagation, and that after passing through the first 
nicol these are plane polarised ; consequently if the second nicol 
is set at right angles to the first, or if the nicols are crossed, as it is 
called, no light gets through. This explanation is borne out by 
more elaborate experiments. So we arrive at the conclusion, 
that light is a transverse wave-motion, that in natural liglu the 
vibrations take place in all directions at right angles to the direction 





of ■propagation^ and that after passing throng a nicol they ate 
corifined to one direction or plant polarised. 

If the ordinary and extraordinary rays produced by the 
passage of a pencil through a rhomb of Iceland spar are examined 
by a nicol, it is found that they are plane polarised at right angles 
to one another. 

Other Methods of Producing Plane Polarised Light. —In 
certain kinds of tourmaline, a double refracting crystal which 
occurs in many different colours, the ordinary ray is so strongly 
absorbed that plates cut parallel to the axis of the crystal transmit 
practically no light at all except the extraordinary. Such plates 

can therefore be used as a means of pro¬ 
ducing plane polarised light. 

In 1808 Malus discovered that when 
light is reflected at a particular angle from 
the surface of glass, water, or other trans¬ 
parent substances, it is almost completely 
plane polarised in the plane of incidence. 
This particular angle of incidence is called 
the polarising angle. A few years later 
Brewster showed that the tangent of the 
polarising angle was equal to the index of 
refraction of the medium in question. This 
fact, Brewster’s law as it is called, leads to the result that at the 
polarising angle the reflected and refracted rays are at right angles 
to one another, as shown in Fig. 419. For, let ^ be the angle of 
incidence and 6 the angle of refraction ; then 

sin d> 
sin 6 ^ 



But by Brewster’s law /i,=tan <f> i therefore 

sin (f> 
sin 6 


=tan sin 0=cos ^ 


•n 


and <f>-\-^=ny which gives the required result. 


Rotation of the Plane of Polarisation. Polarimeter. —Suppose 
that two nicols are mounted so as to rotate about the same axis, 
and that a tube filled with water and with plane glass ends is 
placed between them, so that the rays from the one nicol pass 
down it before entering the other. Then when the two nicols 
are crossed, the field is dark. If, however, some sugar is dissolved 
in the water, the field becomes light as it goes into solution, but 
extinction can always be restored by rotating the second nicol 
through a definite angle. The sugar solution thus rotates the 
plane of polarisation of the incident light. If the strength of the 
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solution is constant, the angle of rotation is proportional to the 
length of the tube. For a given length of tube the rotation is 
proportional to the strength of the solution measured in grams of 
dissolved substance per c.c. of solution. The rotation varies with 
the wave-length and also with the temperature. The rotation of the 
plane of polarisation is used in commerce and also in medicine as a 
means of estimating the quantity of sugar in a liquid. 

Substances which rotate the plane of polarisation as a sugar 
solution does, are said to be optically active. Many other liquids 
besides sugar solution are optically active, as are also plates of 
quartz and certain other crystals cut perpendicular to the axis of 
the crystal. 

Instruments used for measuring rotation of the plane of 
polarisation are called polarimeters, polariscopes, and sacchari- 
meters. The simplest form of polarimeter consists merely of two 
nicols, which rotate about the 
same axis, and a tube between, 
for holding the liquid. The 
first nicol is called the polariser 
and the second the analyser. 

Fig. 420 represents a polari¬ 
meter of this type suitable for 
use by elementary students. 

The sodium flame is placed to 
the right; a polarising nicol 
is enclosed in the brass tube 
at this end of the instrument. 

At the other end is the divided 
circle on which the rotation of 
the analyser is read. 

The Quantum and the 
Einstein Star Shift. —It was 

twenty years ago to enlarge on the properties of the ether, how, for 
example, it offered no resistance to the passage of the planets 
through it, and yet was rigid enough to vibrate like a bell. At 
present the least said about the ether the better, for, paradoxical 
as it may seem, modern opinion is moving towards the view that 
light is a wave-motion that docs not require a medium, because 
it possesses many of the properties of a substance itself. 

Also within the past twenty years two difficulties have arisen 
in connection with the wave theory which are causing an immense 
amount of discussion and investigation at present, but can only 
be touched on very briefly here. 

Substances absorb those radiations which they emit. Thus 
incandescent sodium vapour emits the D lines, and the sodium 
vapour surrounding the sun absorbs them. In the same way for 

p 



Fio. 420.—Saccharimeter. 


customary in textbooks written 
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a red-hot piece of carbon the emission for every wave-Jength is 
proportional to the fraction of the incident radiation absorbed, 
and the ratio of emission to fraction absorbed is the same for all 
substances. In a theoretical investigation of this subject Planck 
found It necessary to assume, to put it crudely, that light was 
emitted in quanta,” that the source emitted a definite quantity 
?u ^ time. When a vibrating string is sounding a note, 

the energy is communicated gradually to the air, and the amplitude 
of the vibrations dies down gradually. It had always been 

that something similar happened in the case 
l^f But apparently the store of energy in the source of 

light dimimshes in steps, not continuously. The amount of 
energy emitted at a time varies with the wave-length; there is a 
special value of the quantum for every wave-length, which is 
given by the formula where is a constant known as Planck’s 
constant, and equal to 6-55 x 10~27 erg sec., and v is the frequency 

wave, i.e, the number of crests that pass per second. 
The result is in ergs. Opinions as to the significance of Planck’s 
result vary all the way from the radical view, that there 
is something seriously wrong with the wave theory of light, to 
the conservative view, that the quantum is an amount of 
energy released ^suddenly by some change within the atom, which 
IS afterwards emitted continuously. But the general effect of 
the discussion has been unsettling. 

It has always been taken for granted, that when a ray of light 
from a star passed by the edge of the sun to the eye of an observer 
at B on the earth’s surface, it did so undeflected, as in Fig. 421. 



— it 

Star 


Its path was a straight line, and the observer saw the star actually 
where it was. According to the general theory of relativity put 
forward by Einstein in 1915, the ray was bent as in Fig. 422, and 



Fig. 422. 


the observer saw the star in the direction S', and not in its true 
position at S. The ray was deflected by the sun’s gravitational 
attraction. A measurable effect was to be expected only in the 
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case of the sun’s gravitational attraction, wliich is, of course, much 
stronger than the eartli’s ; the acceleration of gravity is 27*6 times 
as great on the sun as on the earth, and a man who weiglis Hi 
stone on the earth would weight 2 tons on the sun. 

Stars are not visible in the neighbourhood of the sun except 
at an eclipse, when the light of the latter is hidden. Let a, 6, and 
c be the true directions of three stars, and S the position of the 
sun as seen at an eclipse ; then, according to Einstein’s prediction, 
the stars should be seen in the directions A, B, and C. They are 
displaced outwards radially from the sun, and the displacements, 
aA, 6B, cC, are inversely proportional to the distance from the 
sun’s centre. The displacement is extremely small, being only 
1-75 sec. at the sun’s edge, and during an eclipse we cannot observe 
close to the sun owing to the light from the corona, so the 
actual deflections we might expect to observe are considerably 
less than this. But they are nevertheless 
within the power of modern instruments. 

An eclipse of the sun occurred on May 29, 

1919, in a part of the sky where there 
were stars suitable for observing on, 
and the result of the observations was in¬ 
agreement with Einstein’s prediction. 

Another eclipse occurred in 1922. 

The American expedition sent to VVallal 
in Western Australia to observe it ob- Fio. 423. 

tained a mean shift of 1-74 sec., only 

0 01 sec. less then the predicted value. This result was based 
on the measurement of 80 stars. The effect can now be re¬ 
garded, therefore, as established beyond all doubt. Light has 
consequently weight, the same as a stone or any other portion of 
matter, although, of course, its weight is extremely small indeed. 
It is very difficult to fit this result in with our previous ideas on 
the subject. 


Examples IX 

1. Assuming that Jupiter’s first moon revolves round the planet 
m 42 hours, that the velocity of the earth in its orbit is 18* miles per sec 
and that the velocity of light is 186,000 miles per sec., find the apparent 
interval between successive eclipses : (i) when the earth is approachiric 

Jupiter ; (II) when the earth is receding from Jupiter. 

2. In determining the velocity of light by Fizeau’s method the 
distance between the two stations is 10 km. and the wlieel has 720 
teeth. Find the angular velocity in radians per second for the third 
and fourth disappeara/^ce of the image* 




426 


LIGHT 


3. In an experiment for measuring the velocity of light by Foucault's 
method the fixed mirror was distant 1 km. from the revolving mirror, 
which made 500 revolutions per sec. Assuming that the velocity of 
light is 3x10^® cm./sec., calculate the angular deviation of the return 
ray. 

4. Show that according to the corpuscular theory of light, when 
a corpuscle is incident upon an optically dense medium, the increase in 
the normal component of its velocity is V sin —0)/sin 0, where V is 
the resultant velocity in the initial medium, and <ft and 0 are the angles 
of incidence and refraction. 

5. Calculate the frequency and the value of the quantum for light 
ol wave-length 5893 A.U. 



CHAPTER X 


INTERFERENCE AND DIFFRACTION 
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Interference of Two Point Sources. —If two stones are dropped 
simultaneously into a pool of water* a train of waves travels out 
from the point where each strikes the surface. These trains can 
be followed by the eye as a series of ever-widening circles. The one 
train superimposes on the other, and it will be noticed, that where 
a crest superimposes on a crest, we have a crest twice as high ; 
where a trough is superimposed on a trough we obtain a trough 
twice as deep, and where a crest is superimposed on a trough, 
they neutralise one another, 
and the level is the same, as if 
the surface had not been dis¬ 
turbed. 

The effect, to which the 
name interference is given, is 
shown in Fig. 424, where M 
and N are the two sources. 

The crests are represented by 
full circles and the troughs by 
dotted circles. The sources 
have the same phase, i.e. the 
two series of crests and troughs 
have the same distances from 
their respective centres. At 
the points marked by o’s we 
have crest superimposed on 
crest or trough superimposed 

on trough, so that the amplitude is twice that of each component 
wave. At the points marked by x’s we have crest and trough 
superimposed on one another, the two waves neutralise each 
other, and the amplitude is zero. v 

It will be found by drawing the circles for any other time, i.e» 
by increasing the radii of all of them by the same amount, that 
GH and CD are always lines of zero intensity, and AH, EF, and 
JK always lines along which the amplitude is doubled and the 


*N 



Fig. 424 .—Interference of two point 

sources. 
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intensity increased four times, for the intensity varies as the square 
of the amplitude. 


a 

P 


Proof of Formula. —Let two particles at M and N (Fig. 425) 

vibrate parallel to one 
another in the same phase 
and send out waves of light 
with the same amplitude 
and same period. 

In order to consider the 
effect at a point P, join MN, 
and through A, the mid¬ 
point of MN, draw AO per¬ 
pendicular to MN. Draw PO perpendicular to AO. Let MN =2<i, 
AO=D, and OP=ir, Then 



therefore 

and 


MP 2 =D 2 +(d+a ;)2 and NP 2 ==D 2 -f-(d— 37)8 
MP2 —NP2 =(d+a’)2 —(d —a;)2 =4>dx 


MP--NP= 


MP+NP 


Let d and x be small in comparison with D, Then we have 
approximately MP-|-NP=2D, and 


MP—NP= 


2dx 

"D" 


If MP—NP is equal to an integral number of wave-lengths, 
that is, if 2da;/D=7zA or 


nDA 

2d 


the two waves reinforce one another, and we have a maximum 
of intensity at P, wnile if MP—NP equals an odd number of half 
wave-lengths, that is, if 


x= 


(n + |)DA 
2d 


the two waves interfere, and we have darkness at P. 

Let us suppose now, that there is a screen through OP perpen¬ 
dicular to the plane of the paper, and that the particles are 
replaced by slits perpendicular to the plane of the paper. It 
follows from the formulae just proved, that there is a number of 
parallel bright and dark bands on the screen, the distance between 
two consecutive bright or dark bands being 

DA 

2d 

Such bands are called interference bands. 

Fresnel *S Biprism. —This is the easiest way of getting two 
sources of light to interfere. The light from the slit S (Fig. 426) 
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falls on the biprism CEG, which is simply a prism with a very 

at E. It may be regarded as made up of prisms 
CEF and GFE placed base to base ; hence the name. The edge 
^ the biprism divides the incident light into two portions, one 
which passes through the face EC and appears after refraction to 
come from B, and another which passes through the face EG and 
appears after refraction to come from A. As the angles GCE and 
CGE are small and equal, A and B are situated close to S at equal 



distances from it. The effect of the biprism is thus to produce 
two virtual images of the slit which cause interference bands in 
the space to the right of CG, for example on a screen at P. 

The measurement of the interference bands produced by a 
biprism is widely used as an exercise for students. A sodium 
flame is taken as the source of light, and the object of the experi¬ 
ment, as it is generally done, is to determine the wave-length of 
sodium light. The apparatus is an optical bench, usually of metal, 
fitted with a vernier microscope, but an elaborate bench is not 
necessary. The microscope shown in Fig. 855 is sufficient, if 
the slit and biprism are set up on improvised mounts in front of 
It. The bands are produced in the focal plane of the microscope 
instead of on a screen. The slit and edge of the biprism are 
vertical, and the tube of the microscope is set horizontal and 
parallel to the line SF (Fig. 426). It is moved horizontally at 
right angles to SI, so that the cross-wires pass in succession across 
the different interference bands. 


In setting up the apparatus the first requirement is to get the 
sht, biprism, and microscope in the same straight line The slit 
IS next made narrow, and then on looking into the microscope a 
vertical strip of light wrll be seen. This resolves into a number of 
equidistant parallel hres, when the biprism is adjusted so that 
Its edge is parallel to the slit, and when the width of the slit is 
further regulated. It is very important that the slit and the 

be accurately parallel to one another. 

Ihe formula for the wave-length is 



where / is the distance between two successive bands, D is the 
distance from the virtual images to the focal plane of the micro- 
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scope, and 2d is the distance between the two virtual images, 
bince the opposite faces of the biprism are almost parallel, the 
divergence of a thin pencil of rays passing through it is not 
appreciably altered. Consequently A and B are in the same 
plane as S, and the distance D can be measured with a metre-stick. 
1 lie best way to measure/is to read the position often or twelve, 
say ten, consecutive bands, subtract the reading for the hrst from 

sixth, the reading for the second from the 
reading for the seventh, and so on, and divide the mean of the 
results so obtained by five. 

T.O determine 2d a convex lens is inserted between the biprism 
and the microscope and adjusted, so as to form images of A and B 
in the focal plane of the latter. In order to do this it is usually 
necessary to move the microscope further away from the biprism, 
but the positions of the biprism and slit themselves must be kept 
unaltered. When the images are obtained, the distance between 
them is measured with the microscope. Let the result be cj. 
The slit, biprism, and microscope are then kept fixed and the lens 
moved into the other position in which it forms images of A and B 



in the focal plane of the microscope. Let the distance between 
the images in this case be cg. Then = since the magnifi¬ 

cation in the one position is the reciprocal of the magnification in 
the other. 

If white light is used, the bands produced by the different wave¬ 
lengths fall at different places and confuse one another. So only 
a few are seen, and these are coloured. 

Fresnel’s Mirrors. —This is another method of producing 
interference bands. Two plane mirrors are inclined to each other 
at an angle of almost 180**, and light falls on them from a slit 
which is parallel to the line of intersection of their surfaces. Fig. 427 
represents a plan of the arrangement; S is the slit and M and 
M' are the mirrors. To find the positions of the virtual images 
of S formed by the mirrors, produce M'O to F and OM to G ; draw 
SF perpendicular to M'F and SG perpendicular to MG, and lay off 
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GA=GS. Then the images of S are situated at A 
and B ; after reflection from the mirrors the light from S proceeds 

as if it came from A and B, and interference bands are formed on 
a screen at C. 

Let OS =a, let OC =6, and let the angle FOG be denoted by a>. 
It IS obvious from the construction that A and B are on the circle 
with centre O and radius OS. Since FS and GS are respectively 
perpendicular to OF and OG, ^FSG =/.FOG=ai. /_AOB 
stands on the same arc as Z.FSG and has its vertex at the centre 
consequently it equals 2a>. The arc AB thus equals 2aaj, and, 
since CO is small, 2aco may also be taken as the distance between A 
and B measured along the chord. The straight line OC is drawn 
so as to bisect the angle AOB. In the notation of p. 428 the 
mstance between the bands is given by I!)A/(2d); on substituting 
and 2d=2aa> we obtain in the present case 

2ato 

Fresnel was a civil engineer in the employment of the French 

government- He was suspended from his office for joining the small 

army which attempted to oppose the return of Napoleon from Elba 

and it was during this enforced leisure that he invented the binrism* 
and mirrors. ^ 


Fundamental Condition for Interference. —In the two methods 

for producing interference just described, it will be noticed that 
Uie two interfering sources are derived from the same source. 
Ihus A and B are merely images of S in Figs. 426 and 427. This 
condition has been found indispensable for the successful produc¬ 
tion of interference bands. As an experimental fact it is impossible 
to get light from two independent sources to interfere. 

This is explained by assuming that every source of light is 
subject to abrupt changes of phase very many times in a second 
possibly owing to the molecule which is sending out the liglit 
vibration coming into collision with other molecules. Now in 
Fig. 425 i^f the phase of M falls behind the phase of N, the central 
band of the system moves above O and the whole system of fringes 
is displaced. If the relative phase difference of M and N changes 
very many times m the second the system of fringes is displaced 
very many times in the second, too frequently for the eye to 

1^. superimposed and all trace of 

the individual bands is lost. But if M and N are derived from 

the same source, their phases change simultaneously, the system 

consequently always visible. 

Colours of Thin Films. —It has already been explained, that 
falls on a glass plate, owing to multiple reflection 
taking place inside the plate we have several reflected waves. 
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If the plate is not silvered the first two are almost equally bright, 
and much brighter than the others. We shall calculate the path 
difference of these waves. 

APi (Fig. 428) is an incident ray, P 3 CP 2 its course after 

refraction, and PiRi and P 2 U 2 
first and second reflected rays. 
Let ff} be the angle of incidence, 
6 the angle of refraction, let e be 
the thickness of the plate, and let 
p be its refractive index. 

Draw P 2 H at right angles to 
PiRi- The first and second re¬ 
flected wave-fronts superimpose 
on this line. The number of wave¬ 
lengths in PiH is PiH/A; the 
Fio. 428. number in P 1 CP 2 is 2/LtPiC/A, since 

the wave-length in glass is only 
A//i. Hence in going from Pj to HP 2 the one wave has gained 

2/iPiC PiH 

A A 

wave-lengths on the other. 

2 pPiC—P,H= 2 pPiC—P 1 P 2 sin ^ 

= 2 /xPiC— 2 P 1 C sin ^ sin B 
=2/xPiC—2pPiC sin 2 6 
—2fxPiC. cos 2 0 
= 2 pe cos 0 

We would consequently expect, that if 2fx.e cos B equalled an odd 
number of half wave-lengths, the one wave would interfere with 
the other. 

As a matter of fact the contrary result is true. We obtain 
interference when 

2fie cos $=nX 

n being any integer, and reinforcement of the waves when 

2/ie cos 0=(n-l-J)A 

because the wave suffers a change of phase of half a wave-length 
when it is internally reflected at C. This half wave-length must 
be added to the number of wave-lengths in the path. 

If a thin film of oil is spread over the surface of muddy water 
and viewed in reflected light, brilliant colours are seen. They are 
due to the interference of light reflected at the upper and lower 
surfaces of the film, the latter acting as the plate considered above. 
Owing to the muddy water no light comes from below to dilute 
the purity of the effect. The same colours can also be obtained 
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from the skin of a soap bubble or from the thin paper-like pieces of 
glass that are sometimes the result of an amateur’s glass-blowing. 

When we look at a small area on the surface of such a thin 
film, the rays diverging from it to the eye are almost parallel. 
The rays diverging from the front and back surfaces come originally 
from the same source, probably a white sky, and hence are in a 
condition to interfere. If 2fie cos B=nX, the colour corresponding 
to that wave-length does not appear in the reflected light, and the 
film appears coloured. Owing to the rays received by the eye 
being not quite parallel, cos 6 is not the same for all of them. 
For 6ne definite part of the spectrum to be blocked out, it is 
therefore necessary for n to be a small whole number and conse¬ 
quently for the film to be very thin. 

Newton’s Rings. —If a lens, the surfaces of which have large 
radii of curvature, is placed on a glass plate and the point of con¬ 
tact viewed in white light, it is seen to be surrounded by coloured 
rings. These were first observed by Hooke in 1665, they were 
studied and their radii measured very carefully by Newton, and 
they were first explained satisfactorily by Young. They are due 
to interference between the light waves reflected at the upper and 
lower surfaces of the air film contained between the lens and plate. 

In studying the formation of the rings Newton used telescope 
object glasses, the radii of curvature of which wer*» many feet, and 
measured the radii of the rings 
formed directly with a foot rule. 

In the experimental arrange¬ 
ment employed in laboratory 
courses nowadays spectacle 
lenses are used with a radius of 
curvature of perhaps one metre, 
the source of light is a sodium 
flame, and the diameters of the 
rings are measured with a 
vernier microscope. The air 
film is formed by the lower 

surface of the lens L and the —Arrangement for ob- 

upper surface of the plate P serving Newton’s rings. 

(Fig. 429). The microscope is inclined to the vertical at an angle 6, 
and the light from the flame makes approximately the same angle 
with the normal to the upper surface of L. Hence, as they are 
seen obliquely, the rings appear as a system of ellipses. 

The air film can be regarded as a plate of slowly varying 
thickness. If R is the radius of curvature of the under surface of 
the lens, e the thickness of the air film at P, and CP=p (Fig. 430), 
then 



p2=c(2R-«) 
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by considering the products of the segments of the horizontal 
chord through N and of the vertical chord through C. Since e is 
small this equation may be written: 


e=^ 

2R 




Now consider the ray incident on the lens in the manner indicated 

by the dotted line. Let us sup¬ 
pose that the point P is so near 
C that the sides of the film may 
be considered parallel. Then, if 
2 p,e cos d=nX, the ray shown in 
the figure interferes with the ray 
reflected from the upper surface 
of the film, and, to an eye situ¬ 
ated above, the film appears 
black at P. On substituting 
for e, the condition for interference becomes 2 p 2 cos ^/(2R) =nA, 
since ft=l for air, or 




nAR 
cos 6 


Hence on the ring with this radius we have blackness, and this ring 
is one of a series, the radii of the others being obtained by giving 
n the other integral values. The squares of the first n radii are 
as the first n natural numbers. Similarly the radii of the bright 
rings, the loci of the points of greatest brightness, are given by 

o (^+^)AR 
^ cos 6 


Diffraction Grating. —The diffraction grating is an instrument 
used for producing spectra. It consists usually of a number of 
fine, equidistant, parallel lines ruled with a diamond on a mirror 
of speculum metal or on a glass plate, or of a celluloid cast made 
from such a grating. Some of the earliest gratings consisted of 
fine wires stretched parallel and equidistant from one another 
between two screws of equal pitch. Gratings ruled with a diamond 
on a dividing machine are very expensive, hence celluloid casts 
or replicas are used instead, except for the most important work. 
Such gratings are often known as Thorp gratings ; they are, of 
course, transparent. 

Previous to 1883 all gratings had been plane ; they had been 
ruled on plane surfaces or the wires had been stretched in one plane. 
They were used with telescope and collimator just as the prism is 
used in the spectroscope. But in that year Rowland described 
a method of ruling them on concave metal mirrors, which rendered 
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the use of collimator and telescope lenses superfluous. Here only 
plane gratings will be treated. 

We shall assume that the grating consists of a glass plate on 
which there is a great number of equidistant, parallel, opaque 
strips or lines of equal width. These lines are separated by clear 
spaces, AjBi, etc. (Fig. 431). Let 
AiA 2 , the width of a combined line 
and clear space, be e. 

If a plane wave of wave-length 
A is incident perpendicularly on the 
grating, all the clear spaces act as 
secondary sources and emit rays in 
all directions. Let us consider the 
rays making an angle Q with the 
normal. Then all the rays from 
each space can be replaced by a 
resultant coming from the mid 
point of that space, and the problem reduces to that of com¬ 
pounding a number of parallel rays, C^Di, C^Dg, etc., from a 
number of equidistant points, Cj, C 2 , etc. 

Draw C 2 K perpendicular to CiDj. Then the common 
difference of these rays is CiK=CiC 2 sin C 1 C 2 K—^ sin and the 
rays reinforce in the direction d if 

e sin 0=72A 

where n has any integral value, positive or negative. If the 
telescope is pointed in a direction given by this equation, a bright 
line is seen on the cross-wires. 

Most gratings have about 14,000 lines to the inch, in which 

case e is — inch, or about 1-81 X10-* cm. If the light used is 

yellow and of wave-length 5-8x10-® cm., the equation for the 
maxima becomes 

sin 0=O-3197n 

and the values of Q given by n=0, ±1, ±2, ±3, are 0% ±18® 39', 
±39® 45', ±73® 83' respectively. Larger values of n give 
impossible values for sin 0, The image given by ^==0 is called 
the direct image, the two given by n = ±l are said to belong to 
the first order spectrum, those given by n = ±2 are said to belong 
to the second order spectrum, and those given by w=±3 to the 
third order spectrum. 

If white light is incident on the grating, each colour into which 
it can be resolved forms its own images. The direct images all 
superimpose, hence the direct image is white, but the other images 
do not superimpose. The first order images form two first orde^ 
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spectra, the second order images two second order spectra, and the 
third order images two third order spectra, so that altogether this 
grating forms six spectra. These different spectra overlap. For 
example, if in the equation e sin d=nA, we write e sin ^= 1-5 xlO“* 
a possible value, we find that n=2 gives 7-5 xlO-e cm., and n=3 
gives 5x10-5 cm. for A, so that the red of the second order is 
superimposed on the green of the third order spectrum. 

The red end of a grating spectrum is not so crowded together 
as the red end of a prism spectrum, but a spectrum formed by a 
grating is never so bright as the spectrum formed by a prism. 

Rectilinear Propagation of Light.— 

For a long time it was impossible to 
explain, on the wave theory of light, 
how shadows are formed. Sound, which 

_p was undoubtedly propagated by wave- 

motion, bent round corners ; why was 
light propagated in straight lines ? 

The explanation was given by 
Fresnel. It lies beyond the scope of 
this book, and so can only be indicated 
here. Let Fig. 432 represent a plane 
wave passing through a square aperture. 
Then every point on the wave-front can be regarded as sending out 
waves. Let the distance of P from the wave-front be p. If spheres 

be described with P as centre and radii p-j — , p -f-A, p -f-— , etc., they 

cut the wave-front in circles, dividing it into zones. Fresnel 
considered the effects of these zones separately, and showed that 



Fio. 432. 



Fio, 433.—Photograph of the diffraction bands produced by 

a straight edge. 


at all points directly in front of the wave, they gave an effect equal 
to the effect of ha.Lf the first zone. At points in the shadow they 


INTERFERENCE AND DIFFRACTION 437-440 

Interfered with one another, and gave nothing. Thus the recti¬ 
linear propagation was due to the destructive interference of the 
different zones. It was necessary for the explanation that the 
wave-length should be small in comparison with p and the 
dimensions of the wave-front, and it has been found that sound 
waves of very short wave-length also cast shadows, thus confirming 
the explanation. 

DifTraction. —When a wave of monochromatic light diverges 
from a very narrow slit and passes an obstacle with a sharp edge 
parallel to the slit, the edge of the shadow is not sharp. There is 
a number of dark bands outside the geometrical shadow, and 
inside it the intensity diminishes gradually to zero. Fig. 433 is a 
photograph of the effect, highly magnified ,* the two arrows A and 
B mark the edge of the geometrical shadow. The bands are 
more difficult to observe than interference bands. 

We have a similar rhythmic variation of brightness at the edge 
of the shadow, when the wave passes a narrow obstacle or through 
a narrow slit. It is said to be due to diffraction, and is caused by 
interference of the rays from different parts of the wave-front. 
According to the laws of geometrical optics there should be no 
diffraction, but these laws are only approximately true. 


Examples X 

1. Interference bands are produced by a biprism In the focal plane 
of a reading microscope. The focal plane is distant 80 cm, from the 
slit. The two images of the slit are 3 mm. apart. If sodium light is 
used, find the distance between the bands. 

2. Newton’s rings are formed between a plane surface of glass and a 
lens. The diameter of the fifth black ring is 8 mm. when sodium light 
is used, and the light passes through the air film at an angle of 30° with 
the normal. Find the radius of the under surface of the lens. 









PART V 

ELECTRICITY AND MAGNETISM 


CHAPTER I 


THE FUNDAMENTAL PACTS OF MAGNETISM 

In ancient times, in the province of Magnesia in Asia Minor an 
iron ore was found, fragments of which had the property o« 
attracting to themselves small pieces of iron. They were hence 
called magnets. Their chemical constitution is represented bv 

, L ^^3^4, that is, they consist of equivalent proportions 

Of the two oxides of iron. FeO and FegOg. They are also called 

“leading stones,’* because it was found later 
tnat they can be used to enable a ship to steer a course* 

Lodestones as found in nature have irregular forms. They 
do not exhibit the characteristic property all over their surface 
but if they are dipped into a box containing iron filings, the 
filings adhere in clusters to comers and edges, leaving other 
parts clear. ® 

Artificial Magnets.—If a small bar of steel, for example 
an ordinary sewing needle, is drawn across a corner of a lode- 
stone several times, always in the same direction, it also acquires 
magnetic properties which may be even more strongly marked 
than m the case of the original lodestone. It is then said to be 
an artificial magnet. All magnets used nowadays arc artificial 
magnets, but they arc made, as will be explained on p 514 bv 
means of an electric current. Artificial magnets made in this 
way are both stronger and of a more convenient shape than 
lodestones ; the latter, and the method of making magnets by 
stroking them with lodestones, are now only of histoncal in^ 

when we speak of magnets, it is always 

artificial magnets that are referred to. «iivvays 

Poles.—If a magnetised needle or bar magnet is dipped into iron 
filings, they adhere to it in two tufts, one at each end. Fig. 434 
^ nature of the tufts m the case of a flat bar mfgnet. 

magnet, where the power of 
attracting filings is apparently situated, are called its poles. The 

straight Ime joining the poles is called the magnetic axis of the 
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magiiet. If a magnetised needle is suspended in a horizontal 
position, so that it is free to turn about a vertical axis through its 
midpoint, and if there is no iron near it, it always comes to rest 



Fig. 434. 

in the same direction, which in Great iBritaiii is a few degrees west 
of north. It is always the same end which points towards the 
north. If the magnet is displaced from its equilibrium position, 
it oscillates about it before coming to rest. The pole which points 
towards the north is called the north pole or north-seeking pole 

of the magnet ; the other one is 
called the south pole or south- 
seeking pole. 

Fig. 435 represents a magnetised 
knitting needle suspended by a 
cotton thread from a stand. The 
thread carries a piece of copper 
wire bent into a double hook W 
in which the needle rests. The 
north pole is denoted by N and 
the south pole by S. If the north 
pole n of another magnet is 
brought near the north pole N, 
the latter is repelled. If the 
south pole s of another magnet is 
brought up to N, the latter is 
attracted. If the north pole n 
is brought near the south pole S, 
the latter is attracted. If the 
south pole s of the other magnet is brought near S, the latter is 
repelled. These results may be summed up in the following 
rule :— 

Like poles repel, unlike poles attract. 

Magnetic Induction. Permanent and Temporary Magnetisux 
—When one pole of a strong magnet is held near a small piece oi 
soft iron, the latter Jumps up to meet it. This is because the 
mere presence of the pole is sufficient to convert the piece of soft 
iron into a magnet with its nearer end a pole of the opposite kind; 
the two unlike poles then attract one another, and the piece of 



Fig. 435.— Suspended magnetised 

needle. 
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soft iron jumps up to adhere to the pole. The soft iron is then 
said to be ma^etised by induction or influence, or to possess 
induced magnetism. Xhis induced magnetism is almost entirely 
of a temporary nature ; when the soft iron is taken to a distance 
from the magnet, it loses nearly all its magnetism. 

When a magnet is dipped into a box of filings, we have little 
chains of filings formed. The first filing of each chain sticks 
to the magnet, the second filing to the end of the first filing, the 
third filing to the end of the second filing, and so on. Each of 
the filings becomes a little temporary magnet owing to the 
inductive action of the magnet upon it, and the north pole oi the 
one magnet sticks to the south pole of the other. 

Materials such as pure iron which are readily magnetised 
and lose their magnetism readily are said to be magnetically 
soft. Magnetically hard materials, such as steel that has been 
cooled very rapidly from a white iicat, are difficult to magnetise 
and difficult to demagnetise. Permanent magnets are susceptible 
to alterations of heat and cold and to knocks or vibrations of any 
kind, and lose a part of their magnetism with lapse of time ; 
the harder the material, the less is this loss. 

When a rod of bismuth is suspended by a silk fibre between 
the poles of a very powerful magnet, it sets itself at right angles 
to the line joining the poles, not along the line joining the poles 
as soft iron does. Substances wliich behave like bismuth are 
called diamagnetic^ and substances which behave like iron are 
called paramagnetic. But only a few of these substances, iron, 
steel, nickel, cobalt, and certain alloys, exhibit magnetic pro¬ 
perties to a marked degree. They are called ferromagnetic 
substances, and except in very exceptional circumstances the 
magnetic properties of other substances may be ne<ylected. 
When iron, steel, nickel, and cobalt are heated, they lo^ their 
magnetism altogether at temperatures which are different for the 
different substances. 


Soft materials, notably an alloy, stalloy, containing 3i per cent 
of silicon, are used extensively in the cores of transformers, and of the 
armatures of motors and dynamos. Still softer material, permalloy, 
consisting of 78-5 per cent, of nickel and the remainder iron, is used ki 
the form of a pbbon in the rubber coating of submarine telegraph cables 
m order to mcrease the speed of transmission of messages. Hard’ 
® **cquircti for permanent magnets, as, for example, the 
binnacle magnets placed near a ship’s compass to eliminate the devia- 
tion of the compass due to the ship’s permanent magnetism, or the 
control magnet in a moving coil ammeter or voltmeter. The hard 
formerly used were Ingh carbon steels, or steels containing 
f ” of tungsten ; these have given place to still hardel 
c^omium percentages of the two elements cobalt and 
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Inverse Square Law. Unit Quantity of Magnetism.— 

Magnetic poles always occur in pairs, one at each end of the 
magnet. If a long, thin magnetised knitting needle is broken 
into two, new poles appear one on each side of the break, a south 
pole appearing on the piece which contains the original north 
pole, and a north pole appearing on the piece which contains the 
original south pole. Therefore we cannot experiment with one 
pole by itself. 

If, however, we take two long magnetised knitting needles, 
and bring an end of the one close up to an end of the other, the 
effects of the distant poles can be neglected, and the force between 
the magnets is almost wholly due to the two poles close together. 
By experiments made in this way it is found that the force between 
two poles is inversely proportional to the square of the distance 
between them. If the distance between them is halved, the 
force is increased four times. 

Let Fig. 436 represent two magnets with their north poles 

close together. If there were added 
s /z N S to the pole N another exactly like 

it, the force of repulsion would be 
Fig. 436. doubled ; if at the same time two 

magnets equal in every way to n s 
were tied along it with the three north poles together, the 
repulsion would be increased sixfold. Thus the force between 
the poles varies as the product of the pole-strengths. Combining 
this result with the former one we arrive at Coulomb^s law : 

The force between two poles is proportional to the product of their 
strengths and inversely proportional to the square of the distance 
between them. 

Expressing the law mathematically 

1 mm' 

where m and m' denote the strengths of the poles, d the distance 
between them, and p a factor of proportionality depending on 
the medium. The definition of unit pole is based on this 
equation : 

'Two like poles of equal strength have unit quantity of magnetismt 
when they repel one another at a distance of one centimetre with a 
force of one dyne, both being in air. 

Write F and d each equal to 1 in the equation and suppose 
that m=m'. Then by definition each = l. Consequently p=\t 
if the medium is air. The unit pole is thus defined, so as to make 
the constant of proportionality p = \ for air, and it is found 
experimentally that it is also=:l for all other non-magnetic 
media. 
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Fig. 437.—Pivoted magnetic 
needle. 


Magnetic Field. —Figs. 437 and 438 represent a magnet mounted 
on a fine steel point and a compass, both for use in experiments 
in magnetism. The space round a magnet in which it influences 
the deflection of a compass needle is called the field of the magnet. 
The field strength, or the intensity 
of the magnetic field at a point, is 
measured by the force in dynes 
which would act on a unit north 
pole placed at that point, the pre¬ 
sence of the pole being supposed to 
produce no disturbance in the field. 

Thus, to take the case of a point 
distant r from a pole of strength m, 
if a unit north pole is placed at the 

• .^1 « . . m X1 m 

point, the force on it is ^ 

and this is consequently the numeri¬ 
cal value of the field strength at the 
point. Its direction is along the line 
joining the two poles, outwards from 
the pole of strength m, if the latter is 
a north one. If the field strength at 
a point is H, the field acts on a unit positive pole placed at the 
point with a force of H dynes, and on a pole of strength m placed 
at the point with a force of 11m dynes. The unit in which field 
strength is measured is called the gauss; * thus a pole of strength 
10 units placed in a field of strength 014 gauss experiences a force 
of 10 X 014 dynes. If the field is everyw here the same in intensity 
and direction, it is called a uniform field. 

Since a compass needle always sets itself in a definite direction 
when there are no magnets in its neighbourhood, we conclude 

that there is a magnetic field due to the earth 
itself. This field is uniform over a small region, 
if all magnets are removed to a distance. 

If a magnet is mounted horizontally on a 
piece of cork and floated on the surface of water, 
it turns itself in a definite direction, but does not 
move as a whole towards the side of the vessel. 
Consequently the resultant force on it must be zero ; if tlie force 
on one pole is Hm, the force on the other is —Hm. Thus the poles 
of a magnet are of equal strength ; if the strength of the one is m, 
that of the other is — m. It has thus become customary to regard 
the magnetism of the north pole as positive and that of the south 
pole as negative. 

j * 1 ”^* International Electrochemical Commission at Oslo, .fuly, 1930 , 
d^ecided to call this unit the “oersted.” and retain the term “gauss” for 
tS (cl. p. 501), ® 



Fig. 438.— 
Small compass. 
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^ magnets each 12 cm. long are laid in 

f north poles facing one another and 4 cm. 

apart. Calculate in dynes the repulsion between the two magnets on 
the assumption that the poles are at the ends of the magnets, and that 
the pole strengths are 20 and 30 units respectively. 

Repulsion between N. poles = =37-50 dynes. 


20 ^ 30 

Repulsion between S. poles = —=0-76 dyne 
Attraction between a N. and a S. pole = 


20x30 

16* 


=2-34 dynes. 


Resultant repulsion =37-50+0-76—2 x 2-34=33-58 dynes. 


Lines of Force. —A curve may be drawn in a magnetic field 
m such a manner, that the tangent to it at any point is parallel to 
the direction of the field at that point. Such curves are called 
lines of force. They are a very useful way of representing the 
iielu strength throughout a magnetic field. Since they represent 
the direction in which a positive pole moves, they start at a 
positive pole and end at a negative one. They may be made to 
represent the numerical value of the field strength at a point by 
drawing them so close together, that the number passing through 
a plane of unit area which has the point as centre and is at right 
angles to their direction, is exactly equal to this numerical value ; 
this number is referred to as the density of the lines. If the field 
is a uniform one, the lines of force are equidistant and parallel. 

It lias been shown above that the field strength due to a north 
pole of strength m at a distance r from it is mfr^. If we draw a 
sphere of radius r with the pole as centre, the number of lines of 
force passing through unit area of this sphere is consequently 
mjr^. The number passing through the whole surface is 


^ X47rr2 =477771 

Thus 477 lines of force start from each unit of positive magnetism 
in the pole, and by similar reasoning 47 t lines of force end at each 
unit of negative magnetism in a south pole. 

Mapping a Magnetic Field by the Compass Needle, —A 

magnetic field can be mapped very easily by a compass needle. 
The method succeeds best with a bar magnet about 15 cm. long 
or thereabouts ; this is placed on a large sheet of drawing paper 
which is fastened down on the table. Then a compass needle is 
placed on the paper near the north pole of the magnet, and, after 
it comes to rest, marks are placed on the paper opposite the poles 
of the compass needle. The needle is then shifted so that its 
first pole comes opposite the second mark, and a third mark drawn 
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opposite its second pole. It is then shifted a second time, so that 
its first pole comes opposite the third mark, and a fourth mark 
drawn opposite the second pole, and so on. By proceeding in this 
way a series of marks, 1, 2, 3, 4, etc. (cf. Fig. 439), is obtained, 
and on joining these marks a closed 
curve is obtained extending from 
the north to the south pole of the 
magnet. The curve is, of course, a 
line of force. Then, when the one 
curve is completed, a fresh start is ^ 
made at another point and another ^ 
curve drawn, and so on, until the 
paper is filled with curves. C 

The lines of force represented 
in the figure do not diverge from g 
points, but from regions situated 
near the ends of the magnet. This 
is the usual case. If, however, the 
magnet consists of a thin cylindrical 
rod ending in spheres, the lines of 
force diverge from the centres of pio. 430.—Lines of force and 

the spheres. Such magnets were neutral point, 

introduced by Robison at the end 

of the eighteenth century, and are known as Robison’s ball-ended 
magnets. 

The appearance of the resulting figure depends on the position in 
which the bar magnet was originally placed with reference to the 
earth’s magnetic field. In Fig. 43!) the direction of the earth’s field is 
given by the long arrow markerl II ; this is the direction in which the 
compass needle would set itself over the whole paper, if the bar magnet 
were removed. So Fig. 435) represents the lines of force for the case in 
which the bar magnet is placed parallel to the earth's field with its north 
pole pointing north. Of course, only bne-half of the field on a horizontal 
plane is shown ; the lines of force hav’e exactly tlie same shape on the 
other side of the magnet. 

It will be noticed tliat the lines of force between P and the magnet 
go the one way, but beyond P they go the other, i.e. between P atid the 
magnet the magnet’s fichl is the stronger, but beyond P tl»e earth’s 
field is the stronger. If the compass needle is slowly moved out along 
the dotted line CP, which is drawn perpendicularly through the centre 
of the magnet, and its case is tapped gently at the same time, the 
direction of the needle reverses at P. P is termed the neutral point. 
At P the earth’s field balances the field of the magnet. 

Let the distance between the poles of the magnet be 2/, let the 
strength of its poles be m, and let CP=d. As mentioned above the 
poles are some distance from the ends in the case of a tiiick magnet. 
Then, if a unit pole is placed at P, the earth's field will act on it wntii a 
force H, and the soutli pole of the magnet wii/ act on it with a force 
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m/PS2 in the direction PS. If we regard APCS as a triangle of forces, 
the force along PS can be regarded as equivalent to a force along PC and 
a force along CS. The latter is equal to 

CS m ml 

But the unit pole at P is also acted on by a force m/NP* along NP. 
This also resolves into two components, one of which neutralises the 
force already existing along PC, and the other of which is equal to the 
force above. 

Tlie resultant force exerted by both poles on the unit positive pole 
at P is consequently 

2ml 

and for the neutral point we have 





Hence if H is known, and d and I are measured, m can be calculated. 
Provided the magnet is strong enough, there are always two neutral 
points, no matter how it is placed with reference to the earth’s magnetic 
field. But the above formula holds only for the one particular case. 

Mapping a Magnetic Field by Iron Filings. —When iron 
filings are placed near a magnet, they become magnetised by 



Fxo« 440••—Bar ma^^et. 

induction and tend to set themselves parallel to the lines of force. 
Hence if a glass plate is laid over a magnet and iron filings scattered 
uniformly over it, and if the plate is lightly tapped so as to assist 
the filings to set themselves parallel to the lines of force, we can 
at once obtain the form of the latter. 

Figs. 440, 441, 442, 448, 444, have been obtained in this way. 
Fig. 440 represents a bar magnet in its own field, Fig, 441 two like 
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poles facing each other. Fig. 442 two unlike poles facing each other, 
Fig. 448 a cylinder of soft iron placed in a uniform magnetic field 
the direction of which is shown by the arrow, and Fig. 444 the lines 
of force of a uniform magnetic field disturbed by a hollow soft iron 



Fio. -itl.—Two like poles facing each other* 


cylinder. It will be observed from Figs. 443 and 444, that the lines 
of force prefer passing through the iron to passing through the 
surrounding air ; in Fig. 443 they enter at one end and leave at the 
other, and in Fig. 444 they pass from one side of the cylinder to 



Fio. 442.—Two unlike poles facing each other* 


the other through the iron, which thus shields the space within the 
cylinder from the effects of the magnetic field. 

Physical Reality of Lines of Force. —Faraday showed that the 

lines of force whose presence is made manifest by the iron filings. 
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are in a state of tension and repel each other sideways. They 
exist in the field whether the filings are there or not, and it is their 

presence which causes tiie 
attraction and repulsion of 
magnetic poles. In Fig. 442 
the two unlike poles a’'s 
pulled together by the ten¬ 
sion in the lines of force 
joining them, and the mutual 
repulsion of these lines makes 
them travel from pole to 
pole in curves spread over 
a wide space and not by the 
shortest path. In Fig. 441 it 
is the sideways repulsion of 

the lines that forces the poles apart. 

Molecular Magnetism.—If a long thin magnet such as a 
knitting needle is plunged into iron filings, the tufts adhere almost 
exclusively to the ends, showing that there is a pole at each end. 
If the needle is now broken into two pieces, it is found that a new 
pole appears at each side of the break, a south pole on the part 
which contains the original north pole and a north pole on the 
part that contains the 
original south pole. Fach 
part has become a complete 
magnet in itself, and when 
plunged into iron filings 
exhibits tufts at both ends. 

If, however, the parts are 
put together again in the 
position which they occu¬ 
pied before the magnet was 
broken, and again tested 
with filings, it is found that 
very few filings adhere at 
the break. This is because 
the one pole neutralises the 
other, as shown in Fig. 445 , 
the lines of force go across 
from N' to S', and do not 
diverge out into the space 
surrounding the magnet as at N or S. 

If the magnet is broken into a number of parts, it is found in 
the same way that each part is a complete magnet in itself, but 
that, when the parts are put together again, the reconstructed 
magnet shows polarity only at the ends, owing to the other poles 



iron cylinder. 



Fio. 443.—Soft iron cylinder in uniform 

field. 
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neutralising each other in pairs. This holds for a thick magnet 
subdivided laterally as in Fig. 446 as well as for a magnetised 



Fig. 415. 


Fig. 440. 


knitting needle. VVe thus arrive at the result, that every small 
part into which a magnet can be subdivided is itself a magnet. 

Formerly it was supposed that in a ferromagnetic material 
the molecules were themselves magnets. In the unmagnetised 
state the axes of these magnets pointed in all possible directions, 
and the process of magnetisation consisted merely in turning them 
all into the same direction. Thus Fig. 447 would represent the 
unmagnetised and Fig. 448 the magnetised state of a soft iron bar. 
VVhen all the molecular magnets were turned into the same 
direction, the material was said to be saturated. Ferromagnetic 
materials do possess a saturation value, a limiting value beyond 
which the magnetism of the material cannot be increased, no 
matter how great the magnetising field ; this saturation value 
is different for different materials. But in 1922 Ewing showed. 



To illustrate the molecular 



Fig. 448. 
theory of magnetism. 


that it was not the molecules themselves that turned, but some 
system inside the atom. 

Once the elementary magnets are aligned, the mutual attrac¬ 
tion of their poles tends to hold them in position. If, however 
the magnet is heated, the molecules are thrown into violent 
oscillation and the alignment may be destroyed ; hammering and 

the same effect. The elementary magnets at the 
ends of the magnet have no neighbours on the one side to hold 

consequently are the most easily displaced. 
But if the magnet is made in vfie form of a nearly closed ring with 

separating the poles, the elementary magnlts on 
the face of the one pole are held in position by the elemeiitarv 

shoe magnet, if the poles are joined by a soft iron ^ keeper ” 

^ 'f “"der the influLce of the magoet, a.:d 

there is a chain of elementary magnets from pole to pole? Conse- 
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quently the positions of the elementary magnets in the poles are 
rendered more stable. 

difference between soft and hard magnetic materials is 
that in the fomer the elementary magnets are easily turned, but 
same time easily fall out of position when the controlling 
removed, whereas in the latter the elementary magnets are 
difncult to turn, but at the same time difficult to displace from the 
new positions once these are taken up. 

EyAMT> T.l?-H I 

1 . With what force will a north pole of strength 5 units (i) attract 
a south pole of strength 8 units at a distance of 4 cm., (ii) repel another 
north pole of strength 6 units at a distance of 5 cm. ? 

2. The repulsive force between two poles is 20 dynes when they are 
5 cm. apart ; what is it when this distance is increased by 1 cm. ? 

8. A magnet of pole strength 20 e.g.s. units and magnetic length 
20 cm. is placed horizontal and at right angles to the magnetic meridian. 
Find the resultant horizontal force on a unit pole placed on the axis 
of the magnet produced and at a distance of 10 cm. from the north 
pole. H=0*17 e.g.s. unit. 

A bar magnet was placed in the magnetic meridian with its north 
pole pointing north, and the neutral points were determined to be 
27*5 cm, from the magnet. Calculate the pole strength, given that the 
length of the magnet is 20 cm., that the poles are distant 1 cm. from the 
ends of the magnet, and that H=0-17 e.g.s. unit. 

5. Two equally strong cylindrical chrome steel magnets each of 
mass 25 gm. are suspended with their two S. poles together and the 
N. poles hanging down. The magnets are free to turn about the S. 
poles, and the N. poles move apart until the distance between them 
is 3 cm. The magnets are 10 cm. long. Find the pole strength of 
each magnet. The result will only be approximate, since the magnets 
have a diameter of 6 mm. 
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MAGNETIC MEASUREMENTS 

Moment of a Magnet. Couple on a Magnet in the Earth’s Field 

—If m is the pole strength of a magnet and 21 the distance between 
t^he poles, the product 2ml, usually denoted by M, is defined to 
be the magnetic moment of the magnet. 

■ represent a magnet of pole strength m and length 2f, 

pivoted at its middle pomt C, and free to rotate in a horizontal 

magnetic field of strength H. Then on the 
north pole of the magnet there is a force Hot in the direction EN 

magnet there is a foree Hm in the 
direction DS. These two forces constitute a 

couple. Let 6 be the angle which the axis 

of the magnet SN makes with the direction 

of the field. Then DE, the arm of the couple 

is equal to 2f cos ECN=2f sin and the 

moment of the couple is Hm2/ sin d=HM sin $. 

The couple turns the magnet into a position 

with its axis parallel to the direction of the 

field. If the magnet is already in this position, 

the equilibrium position as it is called, the 

couple on it is zero. If the magnet is held in 

the position shown in the diagram and then 

released, it oscillates about the equilibrium position before comina 

to r6St in ^ 

So far we have tacitly assumed that the magnet is a thin one 
with Its poles s.tu^ated at pomts near the ends. ^’The experiments 
with iron filings show that generally each pole consists of a n^bel 

of elementary poles distributed over a certain region. When 
the magnet is placed in a uniform field, all these elementarv poles 
are acted on by forces parallel to one another. Now, this 'system 
of parallel forces reduces to a single force acting ^t a defndte 
point m the ma^et. the centre of the system. Consequent y 
when the magnet is placed in a uniform field, it behaveras if 
all the magnetism m the pole were concentrated at this point 
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and It has become usual in this case to regard this point as the 
pole of the magnet. If the magnet represented in Fig. 449 is q 
thick one, N and S are therefore to be regarded as poles of this 
nature, points in the magnet at which the resultant attractive 
and repulsive forces of the field act. 

When the magnet in Fig. 449 is held at right angles to the 
direction of the field, ^=7r/2, and the moment of the couple is HM, 
which becomes M if H=l. We thus arrive at a new definition 
of M ; the moment of a magnet is the moment of the couple required 
to hold it at^ right angles to the lines of force in a uniform field of 
unit intensity. This definition is more satisfactory than the 
other one when the position of the poles is not well defined, for 
it does not assume the definition of a pole. 


Example. —A magnet suspended by a fine vertical wire sets itself 
parallel to the earth’s field, when the wire is untwisted. On turning 
the upper end of the wire through 180® the magnet is deflected through 
30° from its original position. How far must the upper end of the 
wire be turned to deflect the magnet through 45® from its original 
position ? 

The deflecting couple is proportional to the angle through which 
the upper end is twisted relatively to the lower. Let B be the required 
angle. Then, if c is the constant of proportionality, 

cl50==HMsin80®, c(8—45) =HM sin 45®, 


whence 


$—45 sin 45® 
150 sin 30® 


and 


e=:257-l®. 


Example. —A bar magnet whose magnetic moment is 1000 c.g.s. 
units is turned in a horizontal plane through 60® from the equilibrium 

position. Find the work done, given that 
H=0’14 gauss. 

Let m be the pole strength and let 2t be 
the length of the magnet. NS is the initial 
and N'S' the final position of the magnet. 
The force on the north pole is Hm, and the 
component of its displacement parallel to the 


N 



Fia. 451 


direction of the force is NA=NC—AC=/(1—cos 6). Hence the work 
done on this pole is Hm/(1 —cos 0). An equal quantity of work is 
done on the other pole. Thus the whole work done is 2Hm/(l—cosd) 
«=HM(1 —cos ©>= 14 X 1000(1 —cos 60®)=70 ergs. 



MAGNETIC MEASUREMENTS 


465 


Field Strength due to a Bar Magnet in the Two Standard 
Positions. End-on Position. —Let NS (Fig. 451) be a magnet of 
pole strength m and let 2/ be the distance between the poles. It 
is required to find F, the field strength due to the magnet at a 
point P on its axis distant d from C, the centre of the magnet. 


We have 


F = 


m 


m 


m 


m 


NP2 SP2 


2Md 


— (rf2_i2)2 (ti2_/2)2 

where M is the moment of the magnet, 
parison with this becomes 

2M 


F = 


d3 


(d+02 


» • 


( 1 ) 


If is small in com- 


. ( 2 ) 


Generally cannot be neglected in this way. 

Side-on Position. —In this case we are re¬ 
quired to find the field strength at a point P 
situated in a line through C at right angles to 
the axis of the magnet. 

Let CP=d. The field strength at P due to 
N is m/NP2 along NP. Resolve this into com¬ 
ponents parallel to NC and CP; these com¬ 
ponents are respectively 

CN m , CP m 

NP NP2-. NP NP2 



The field strength at P due to S is m/PS^ and resolves into com¬ 
ponents, one of which is equal to and in the same direction as 
the first component above, and the other of which is equal and 
opposite to the second component above. Hence the field strength 
at P due to the whole magnet is given by 


F=2 


CN m 
NP NP2 


2ml _ M 

(d2+i2)i (d2+f2)i 



since NP 2 =d 2 »j_^ 2 , 
becomes 


If is small in comparison with tliis 



Tangential Positions of Gauss. “ A Position.” —The two 

positions in which a stationary bar magnet and a pivoted 
magnetic needle can be arranged so as to form the letter T 
before the needle is deflected, are called the tangential positions 
of Gauss. The position represented in Fig. 453 is called the 
“ A position.’* SN is at right angles to the earth’s magnetic 
field, M is the magnetic moment of SN, and CP=d. Let rn, 2/', 
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and M' be respectively the pole strength, length, and magnetic 
moment of the needle, and let the axis of the latter make an angle 
S with the direction of the earth’s magnetic field. The poles of 
the needle are acted on both by the earth’s magnetic field, the 



Fig. 453.—A positioD ** of Gauss. 



strength of which we shall suppose is H, and also by the field of 
the magnet, the strength of which we shall denote as before by F. 
The earth’s magnetic field exerts a couple on the needle of moment 
HM' sin the restoring couple, which tends to diminish d. 

The forces exerted on the poles of the needle by the field of 
the magnet are shown in Fig. 454 and are each equal to Fm\ 
The perpendicular distance between their lines of action is 2i' cos 0. 
Hence they constitute a couple, the defiecting couple, of moment 
Fni'2l' cos 0 or FM' cos 6. 

The needle comes to rest in the position in which the defiecting 
and restoring couples are equal, i.e, for which 

FM' cos sin 0, 

Fs^Htan 0 


or substituting* the value of F from (1) 



M 

H 


(d2_/2)2 

2d 


tan 0 



If is small in comparison with d^t this becomes 


M 

H 


-- tan 0 . 




s c N 

Fig. 455.—« B 
position of Gauss. 


before by F =H 
this becomes 


B Position.” —This is represented in Fig. 
455. It may be shown as before, that in this 
position the magnetic needle is in equilibrium 
under the action of two couples, the restoring 
couple due to the earth’s field and the deflecting 
couple due to the field of the magnet. The 
position in which these are equal is given as 
tan 0. On substituting the value of F from (3) 


^ =(d2 4-/2)l tantf 
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or 


^=d3 land 

XX 



if /* is small in comparison with d*. In proving these formula 
we assume that the needle is small enough for F to have the same 
value at both of its poles. 

Magnetometer. —^The formula (5), (6), (7), and (8) may be 
used for 

(1) Comparing magnetic moments ; 

(2) Comparing magnetic field strengths ; 

(3) Finding the ratio of a magnetic moment to a magnetic 

field strength. 

For these purposes a magnetometer is employed. A simple form 
of this instrument is shown in Fig. 456. It consists of a short 
compass needle pivoted at the centre of a graduated circle and 
carrying a long pointer. The compass box is mounted on a 
wooden base fitted with a centimetre scale. For more accurate 
work a smaller needle is used, which is attached to the back of a 
mirror suspended by a silk fibre, and the deflections of which are 



Fio. 456.—Magaetometcr. 


read by a telescope and scale or, if the room is da-rk, by lamp 
and scale. 

In using the magnetometer shown in Fig. 456 the compass box is 
first turned until the diameter joining the zeros is parallel to the centi¬ 
metre scale. Then, if the A position is to be taken first, the base board 
of the instrument is set east and west and levelled if necessary ; the 
east and west direction can be found very accurately by slowly rotating 
the base-board until the pointer comes to zero. The bar magnet is 
then placed in position on the board with its middle point a certain 
distance d from the needle as measured by the centimetre scale, and 
its length east and west, and the deflection read by both ends of the 
pointer. The magnet is next reversed end for end, and the deflection 
again taken at both ends of the pointer. The magnet is now removed 
to the same distance on the other side of the needle and the deflections 
observed ; it is then reversed end for end, and the deflections again 
observed. \\e thus obtain altogether eight readings of the deflection, 
and the mean of these is taken. 

If the value of M/H is desired, this mean value is substituted in 
(S') together with the corresponding values of d and f, and the calculation 
made. If the moments of two magnets are to be compared, the first 
magnet is removed, the second one put in its place on the magnetometer 

Q 
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at the same distance d from the needle, and the same operations gone 
through over again. Then if and are the moments, 2/j and 2i?a 
the lengths of the first and second magnets, and and 0, the deflections 
they produce respectively, it follows from (5) that 

^ _ (d«—tan gt 

M, (d*—;**)* tan 0a. 

If the strengi^hs of the earth’s field are to be compared at two 
different places, measurements of the deflection are made for the same 
magnet and the same value of d with the needle first in the one place 
and then in the other. If H,, H 2 and $ 1 , 0, denote the field strengths 
and deflections produced in the first and second place respectively, it 
follows from (5) that 

H, _ tan_g,. 

Ha tan 01 ^ ^ 

If the B position is used instead of the A position, the base board of 
the magnetometer must be set north and south, and the bar magnet 
must be set at right angles to the centimetre scale. Then instead of 
(9) we obtain 


Ml (d>+/i*)« tan 01 
M, ' 


( 11 ) 


tan 0, 

(10) holds in this case also. (9) and (11) may be simplified, if /i*, 
are small in comparison with d*. 

A word of explanation should perhaps be given, why in taking 

readings with the magnetometer both ends 
of the pointer are read and the magnet is 
reversed. If through a fault in construction 
the point of support of the needle is not 
exactly at the centre of the circle, the reading 
at one end of the pointer is too large and at 
the other end is too small by the same 
amount (cf. Fig. 457), and by taking the mean 
these two errors neutralise one another. 
Again, if the poles of the bar magnet are not 
the same distance from its centre, the deflec¬ 
tion is too large in the one case and too 
small when the magnet is reversed ; hence 
the mean gives a more accurate result. 

Comparison of Moments of Bar Magnets. Null Method.—^Either 
the A or the B position is used. One magnet is placed on the 
one side of the needle to produce a deflection ; the second magnet is 
placed on the other side, and its distance adjusted so that it exactly 
removes the deflection produced by the first. The formula may be 
derived from (5) or (7). 

Experiment. —To determine the position of the poles of a bar 
magnet by the magnetometer. Use the B position ; then 

M s 

^ ={d*+<«)5 tan e 

a 
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or 




tan-* 0 


.(M)ieotla 


Observe 6 for different values of d, calculate d* and cot** d, and graph 

2 

d® against cot^ 6. The result is a straight line which cuts the d^ axis 
in a point distant from the origin. We then obtain I by taking the 
square root. The method is accurate only for weak magnets. 

Proof of Inverse Square Law. — When the magnet is small the 
deflections in the A and B positions are given by the formulse 


jj = - tan e, 


M 

and ^ =ds tan 
±1 


respectively ; hence if d is the same in both cases, tan 0i=2 tan 
The formulae are derived on the assumption that the force between 
two magnetic poles varies inversely as the square of their distance 
apart. If the law were that of the inverse nth power, it can be 
shown that we would have tan =n tan $ 2 . By measuring the 
ratio of tan to tan $2 Gauss showed that the inverse square 
law was true ; this way of proving the law is a very accurate one. 

Period of Vibration of a Magnet. —If a magnet is suspended 
in a magnetic fleld, as shown in Fig. 485, and if a second magnet 
is brought up from the side to it along the horizontal line at right 
angles to its axis through its centre, and then suddenly withdrawn, 
it will oscillate in a horizontal plane about its axis of suspension. 
Now for a motion of rotation such as this 


Angular Acceleration = 


Applied Couple 


Moment of Inertia of Rotating System 
HM sin e 


where in this case H is the field strength, M the magnetic moment 
and I the moment of inertia of the suspended magnet, and 0 the 
angular displacement or the angle through which it is turned from 
its equilibrium position. If 0 is small. 

Angular Acceleration HM 

Angular Displacement I 

Hence the motion is simple harmonic, and if T is its period 

HM 47t2 rw> ^ 

j — *^2 ^jjjyj ... (12) 

For a uniform solid cylindrical bar oscillating about an axis 
through its centroid perpendicular to its length 




12 ’ 4 

where m is the mass, / the length of the cylinder, and r its radius. 
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For a thin rectangular bar of length I and breadth h oscillating 
about an axis through its centroid perpendicular to its plane 

If /2 is much greater than or 6^^ these two formulae reduce to 
the same form, namely 

-_ mV^ 


Comparison of Magnetic Moments and Field Strengths by 
the Vibration Method. —Formula (12) can be used both for com¬ 
paring the magnetic moments of magnets and for comparing the 
intensities at different points in a magnetic field. For if two 
different magnets are caused to oscillate at the same place under 
the influence of the field we have 


HMi 



and 


HMa 

I 2 


477® 



whence 


Mg “ Ig Ti2 


(13) 


Again, if the same magnet is caused to vibrate in succession at 
different points in a field, we have 


HiM _ 4772 

I “Ti2 


and 



whence 



(14) 


Determination of Earth’s Magnetic Field and of Magnetic 
Moment of a Magnet in Absolute Measure. —^From the magneto¬ 
meter we obtain an equation for M/H by formula (5) or (7); 
by determining the period of vibration of the same magnet at 
the same place we obtain a value for HM by formula (12). We 
have thus two equations for the two unknowns, and we can deter¬ 
mine H in absolute measure for the place in question by eliminating 
M ; similarly by eliminating H we can determine M, the magnetic 
moment of the magnet. 


Comparison of Magnetic Moments when Moments of Inertia are not 
known.—Let us suppose that two bar magnets are tied together, 
centroids together and like poles at the same end, and then 
vibrated in a horizontal plane about a vertical axis through their 
common centroid. They are equivalent to a single magnet of magnetic 
moment Mi+Mj and moment of inertia Ij+l,; consequently the 
period is given by 

II(M,+M,) 477* 

I.+I. “T* * • • 


. . (15) 
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Untie the magnets, reverse one end for end, tie them together, and 
vibrate them again in a horizontal plane about the vertical axis through 
their common centroid. They are now equivalent to a single magnet 
of magnetic moment Mj—Mj and moment of inertia Ij+I, { conse¬ 
quently the period is given by 

H(M,—MO 47r« 


Ii + I, 

On dividing (15) by (16) we obtain 

Mi+Ma 

M,—M, 

whence 

M, 


/t 


T 


T* 


(16) 


(17) 


This equation enables us to determine the ratio of the magnetic moments 
of the magnets without determining their moments of inertia. But the 
method gives only approximate results, because the presence of the 
one magnet affects the pole strength of the other. 


Experiment. —To determine the distribution of magnetism along 
a bar. Let T be the period of oscillation of a compass needle in the 
earth’s field H. Place due magnetic south of the compass needle and 
close to it a long vertical bar magnet which has its positive end at the 
same height as the needle. Let the additional field strength due to 
the magnet be Fj and let the period become Tj. Then 

HM 47r’* . (H+FQM _47r« 

I 


T* 


and 


T,* 


where M is the magnetic moment and 1 the moment of inertia of the 
compass needle. Consequently, on subtracting the first equation 
from the second, we obtain 


I It,* t*/ 


(18) 


(19) 


Raise the bar magnet 2 cm. and let the corresponding values of F and T 
be F. and T,. Then 

I \T,* T»/ 

and on dividing equation (18) by equation (19) 

1 _ 1 

fLi T,* T« 

F," 1 


Tj* 


1^ 

T» 


F, and F, are due principally to the magnetism in the bar at tlie level 
of the compass needle, and may be taken as proportional to the latter. 
The method is not an exact one. 


Astatic Needle.—If two magnets of nearly equal magnetic moment 
arc fixed together with their axes parallel but pointing in opposite 
directions, and suspended in a magnetic field so that they are free to 
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rotate about a vertical axis through their centroids, the restorinc 
couple acting on them is 

H(Mi—Ms) Sind 


and is consequently very small, since Mj —M* is small. Thus the system 
is easily deflected and takes a long time to return to its equilibrium 
position. Such a system is called an astatic system or astatic needle. 

Hibbert*s Magnetic Balance.—The attraction or repulsion exerted 
by one magnet on another cannot be measured by an ordinary balance, 
for if a scale-pan is removed and replaced by a magnet, and an attempt 
made to diminish or increase its weight by placing another magnet 
below it on the base of the balance, the suspended magnet becomes 

unstable. For experiments 
A of this nature Mibbert^s 

magnetic balance is used. 
This piece of apparatus, 
which is shown diagram- 
matically in Fig. 458, con¬ 
sists essentially of a magnet 
O NS joined to a brass bar 
• SD, the whole being pivoted 

at S and balanced by a 
sliding weight w at C, 
together with another mag¬ 
net N'S' which can be fixed 
at various positions on a 
vertical scale, so that the poles N' and N are above one another. The 
force exerted by N' and S' on S can be neglected, since its line of 
action passes so near the pivot, and the force of S' on N is neglected 
in comparison with the force of N' on N owing to the greater distance 
of S' from N. Hence the sliding weight w is balanced solely by the 
repulsion between N and N', and the latter can be calculated firom 
the position of the weight. 


1 




1 

S‘ 

m 

m 

m 

N’ 




N 

S 


• * 

K 


w 


Fio. 458. 


Examples II 

1. A magnet 10 cm. in length lies in a field of intensity H=0-18, 
and the strength of each of its poles is 6 units. Find the moment of 
the couple required to deflect it (i) through an angle of 30® from the 
magnetic meridian, (ii) through an angle of 60® from the magnetic 
meridian. 

2. A bar magnet of pole strength m, the distance between the poles 
of which is 21, is placed in the magnetic meridian with its south pole 
pointing north. Show that the neutral points are situated on the axis 
of the magnet at a distance d from its midpoint, where d is given by 

4mdl 
^ (d* 

8. A cylindrical magnet is placed in the magnetic meridian with its 
north pole pointing south. The neutral points are found to be in the 
line of the magnet at a distance of 30 cm. from its midpoint. Calculate 
the pole strength of the magnet, given that H=0>17 c.g.s. unit, and that 
the poles are 18 cm. apart. 
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4. Two magnets are placed in succession on the magnetometer in 
the ** A ” position, and found to give deflections of 26*1'* and 23‘3* 
at a distance of 33*5 cm. Calculate their moments, given that H=0-15 
c.g.s., and that the length of each magnet is 10 cm. 

5. Two magnets of the same moment of inertia are made to vibrate 
in succession under the action of the earth’s field. Their periods are 
7-0 and 7-55 sec. Calculate the ratio of their magnetic moments. 

6. A bar magnet was placed on the magnetometer in the “ A ** 
position and found to give a deflection of 21-7° at a distance of 35 cm. 
When it was suspended at the same place, the time of twenty complete 
vibrations in the earth’s field was 2 min. 38 sec. The length of the 
magnet was 10-1 cm. and its mass 25*07 gm. Calculate the moment of 
the magnet and the field strength. 

7. A bar magnet was placed on the magnetometer in the “ B ’ 
position and found to give a deflection of 22*8’’ at a distance of 27 cm. 
When it was suspended at the same place, the time of twenty complete 
vibrations in the earth’s field was 2 min. 35 sec. The length of the 
magnet was 10*1 cm. and its mass 25*27 gm. Calculate the moment of 
the magnet and the field strength. 

8. Two bar magnets, the magnetic moments of which are 100 and 
150 respectively, are tied together, like pole to like and midpoints 
together, and suspended horizontally in the earth’s magnetic field. 
The period of vibration is 8*0 sec. One of the magnets is then reversed 
end for end. What does the period become ? 

0. A compass needle is placed inside a hollow vertical cylinder of 
soft iron, and it is found that the vibrations are slower than they wouJi 
be, if the cylinder were removed. Give the reason for this. 

10. A bar magnet, which is suspended horizontally by a fine vertical 
wire, lies in the meridian when there is no torsion in the wire, and the 
upper end of the wire must be twisted through 90® in order to deflect 
the magnet 15® from the meridian. The magnet is then remagnetised, 
and it is found that the upper end of the wire must now be turned 
through 150® instead of 90® in order to produce the same deflection* 
Calculate the ratio of the magnetic moments in the two cases. 

11. A long bar magnet is placed with its N. pole 7 cm. to the south 
of a small magnetic needle, and the needle is found to make 12 complete 
vibrations in 6 sec. When vibrating in the earth’s field (0*18 c.g.s. 
unit), the needle makes 6 complete vibrations in 8 sec. Calculate the 
strength of the N. pole on the assumption that the S. pole is so far 
away, that its effect may be neglected. 

12. A small compass needle makes 10 vibrations per minute undei 
the influence of the eaHh’s magnetic field. A magnet 80 cm. long is 
placed in a vertical position with its lower end on the same level with 
the needle and 15 cm. north of it ; the needle then makes 12 vibrations 
per minute. Calculate the pole strength of the magnet, neglecting tiie 
influence of the upper pole. H=0*15 c.g.s. unit. 

13. A magnetic needle makes 10 vibrations in 32 seconds in the 
earth’s field alone. A bar magnet is placed with its S. pole pointing 
north, in such a position in the meridian, that the needle is due east 
of its midpoint; the needle then makes 20 vibrations in 50 seconds. 
Find its period of vibration, if the magnet is reversed pole for pole. 



CHAPTER in 


TERRESTRIAIi MAGNETISM 

Declination* —As has already been mentioned, when a compass 
needle is at a distance from other magnets, it sets in a definite 
direction. This direction is called magnetic north and south, 
or the magnetic meridian at the place. If the magnet is displaced 
from it, it oscillates about it, and finally returns to it. The 
magnetic north direction does not coincide with the geographical 
north, which is the direction of the meridian or great circle through 
the place and the earth’s axis of rotation. The angle between 
magnetic and geographical north or between the magnetic and 
geographical meridians is called the declination or, by mariners, 
the variation. The simplest way of determining the geographical 
meridian is to measure the length of the shadow of a vertical rod 
at different times near midday ; when the shadow is shortest, 
the sun is in the meridian. 

The declination varies from place to place over the earth’s 
surface, and it is usual to represent its distribution by curves 
drawn on maps joining all the places where its value is the same. 
Such curves are called isogon^ ; Fig. 459 shows the isogonals 
for the earth’s surface for the year 1922. The full lines indicate 
westerly declination, i.e. places where the compass needle points 
west of geographical north, while the dotted curves indicate 
easterly declination. The thick lines which join up the places where 
the declination is zero, and the compass consequently points 
towards geographical north, are called the agonic lines. One 
agonic line runs down the east of North and South America; 
tlie other runs from Finland south to Arabia, crosses North 
India, forms a loop over East Asia kno^vn as the Siberian oval, 
and then passes through the Malay Peninsula and the west of 
Australia. 

Dip. —The ordinary compass needle is balanced so as to turn 
in a horizontal plane. Suppose, however, that an unmagnetised 
bar of steel is mounted free to rotate about a horizontal axis 
through its centre of gravity, so that it balances in any position 
in which we care to set it, and that it is then magnetised ; as soon 
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as it is magnetised it comes to rest only in one position, which 
makes a definite angle with the horizontal. The magnitude of 
this angle depends on the vertical plane in which the needle 
happens to be. If the needle is in the magnetic meridian, the 
angle is a minimum, and is then called the magnetic dip or in¬ 
clination ; the needle used for measuring it is called the dip 
needle. 


Like the declination the dip varies from place to place, the 
value for Greenwich being about 67®. Like the declination it 
can be represented over the surface of the earth by a map in which 
places of equal dip are joined by lines known as isoclinal lines. 
These lines are roughly parallel to the geographical lines of 
latitude, and there is a line of zero dip known as the magnetic 
equator which coincides roughly with the geographical equator. 
At all places on this line the dip needle sets itself horizontal. 
North of the magnetic equator the north pole of the dip needle 
dips below the horizontal, the angle of dip increasing with the 
distance from the equator, and south of the equator the south 
pole of the dip needle dips below the horizontal. 

Magnetic Elements.—If an unmagnetised steel bar is sus¬ 
pended by a fine thread through its centre of gravity, and is then 

magnetised and suspended by a thread through 



C 


Fio. 460.—Decli- 
natioa and dip. 


the same point, it comes to rest in the magnetic 
meridian making the angle of dip with the 
horizontal. This direction must consequently be 
the direction of the earth’s resultant magnetic 
field, and the value H which acts on needles 
pivoted to turn in a horizontal plane must be 
the horizontal component of the resultant. Let 
OC (Fig. 460) represent the resultant in magnitude 
and direction, and let F denote its magnitude. 
Then 


H =F cos 6 


where 6 is the dip, and it is clear that the vertical component of 
the field is given by 


V =H tan 9 


If ON gives the direction of geographical north, ^INOA is the 
declination. Hence if the horizontal component of the earth’s 
field, the declination, and the dip are known, the magnetic 
intensity at a place is fully determined. These three quantities 
are called the magnetic elements. Their values at Greenwich for 
1927 were as follows: H = 0-184 e.g.s. unit ; declmation = 12® 45' 
W.; dip=66® 51'. 

Lines passing through points for which the horizontal intensity 
of the earth’s magnetic field is the same are called isodynamic 
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lines, and can be drawn on maps in the same way as isogonal 
and isoclinal lines. 

The method of determining H has already been described on 
p. 460. 


Measurement of Declination.—In order to measure the deciina- 
tion we must determine the geographical and magnetic meridians. 



Fio. 401.—Determination of magnetic axis. 


The former may be obtained by observing the direction of the sun when 
it is highest in the heavens or by other astronomical means. The latter 
may be obtained by suspending a needle and observing the direction 
in which it sets, but there is a source of error to guard against here. 
The magnetic axis of the needle may not coincide with its geometrical 
axis. Suppose that AB represents the geometrical axis and CD the 
magnetic axis of the needle. It will consequently set as indicated 
in the diagram where NS is 
the magnetic north>south line, 
and if the geometrical axis 
were taken as the direction 
required, the result would be 
in error. This is corrected by 
turning the magnet over and 
suspending it with the other 
side up, when it sets itself in 
the position A'B', which is 
simply the position AB rotated 
about the line CD. The mean 
of the two readings conse¬ 
quently gives the correct 
result. 

Dip Circle.—Fig. 462 repre¬ 
sents one type of dip circle, 
the instrument used for the 
accurate determination of the 
dip. It consists essentially of 
a needle resting on two agate 
knife edges, which rotates 
around a vertical circle gradu¬ 
ated in degrees. The needle 
can be raised off the knife 
edges by the small screw at Fig. 402.—Dip circle. 

the right, and is enclosed by 

two glass plates to shield it from draughts. The instrument is entirely 
of gun metal, no iron entering into its composition. I'he horizontal 
circle carries a level, and the whole is supported by three levelling screws. 
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In making a determination the case is first turned about the vertical 
axis until the needle sets vertically ; its axle is then in the magnetic 
meridian. The case is then turned through 90° to bring the needle into 
the meridian, and the dip read off the vertical scale at both ends of the 
needle. This eliminates error due to the axle not being at the centre 
of the vertical circle (c/. Fig. 457). The needle is then reversed in its 
bearings, back for front, and the readings repeated ; this eliminates 
error due to the magnetic axis not coinciding with the geometrical 
axis (c/. Fig. 461). The case is next rotated through 180°, and the pre¬ 
ceding four readings repeated ; this removes error due to the zero line 
of the vertical scale not being truly horizontal, for if the scale is too 
high up at the one side, it will be too low at the other. Finally the 
needle is demagnetised, remagnetised the other way, and the preceding 
eight readings repeated. This removes error due to the centre of 
gravity of the needle not being in the axis of rotation, for if gravity 
increases the dip in the one case, it will diminish it in the other. 

Variation in Earth’s Magnetic Field.—In addition to 

changing from place to place on the earth’s surface, the magnetic 
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Fig. 4G3.— Secular change of the declination at London. 

elements change with time. A continuous record of these changes 
is kept in certain observatories, and it is found that the magnetic 
elements undergo a diurnal change, an annual change, and also 
a secular change, i.e. one that goes on through centuries. For 
example, at Kew in summer the declination falls 4' or 5' below 
its mean value every morning, and rises as far above its mean 
value early every afternoon. 

Fig. 463 represents the secular change in the declination at 
London from 1550. It was originally easterly, but became zero 
in 1660 ; in that year at London the compass needle pointed to 
geographical north. In 1815 it attained a maximum westerly 
value, and is now decreasing again. 
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In addition to the regular changes sudden and violent changes 
of the magnetic elements sometimes take place over a large part 
of the earth’s surface. These disturbances are called magnetic 
storms. Fig. 464 shows the change of declination at Greenwich 
during a magnetic storm and during an ordinary quiet day. 
Magnetic storms are connected in some way with sun-spots ; the 
sudden appearance of a large sun-spot is generally accompanied 
by a magnetic storm and by the Aurora Borealis. The latter 
is seen frequently in northern latitudes and consists of streamers 
or bands of light which dart across the whole sky. In England 
the phenomenon occurs rarely, and the bands are of a pale green 
colour and not bright. By photographing them simultaneously 
from different standpoints it has been found that they are 
between 100 and 800 km. above the earth’s surface, and that 
they may be as much as 1000 km. in length. It is natural to 



suppose that they are electric currents high up in the atmosphere 
caused by some emission from the sun. 

Magnetic Poles. —^The compass did not become known to 
European nations until the eleventh century, though, according to 
their own annals, the Chinese used it for thirty centuries before. 
When first employed in Europe it consisted merely of the needle 
embedded in wood or thrust into a corn stalk and then floated 
on water. The discovery of the dip was made by an English 
instrument maker, Robert Norman, about 1576. 

It was thought at first that the needle pointed north because 
of an attraction by the lode star ” or pole star, but Gilbert 
showed, in a work published in 1600, that the earth itself was a 
maonct. The needle set in a definite direction because it was in 
the'* earth’s field, and rods of iron left lying about became 
magnetised under the influence of this field just as when placed 
near a large magnet. The earth’s magnetic field is at present 
re garded as due to both internal and external causes, principally 
the former, and it would be given approximately by a large 
internal magnet as shown in Fig. 465. The arrows in this figure 
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represent the directions of the dip needle, and it will be observed 
that at two points A and B, the north and south magnetic poles, 

ft » . it is vertical- Since the north mag¬ 

netic pole attracts the north-seeking 
or north end of the dip needle, it must 
itself be a south-seeking or south pole. 
The end of the internal magnet below 
—^ A is consequently indicated by the 
B letter S. 

The north magnetic pole lies in lat. 
70® 5' N. and long. 96® 43' W., whUe the 
Fio. 4C5.—The earth as south magnetic pole is at 'lat. 72® 25' S. 

magnet. long. 154® E. They are consequently 

not on the same diameter. The north 


magnetic pole was discovered by Sir James Ross in 1831. The south 
magnetic pole was discovered by David, Mawson, and Mackay, three 
members of Shackleton*s expedition, in 1908. Three days before the 
discovery the dip was 89® 10'; the evening before it was 89® 45', and they 
estimated then, that if they were to wait where they were, the diurnal 
variation would bring the pole right beneath them. They decided, 
however, to go on another 18 miles next day to the mean position. 
During the last 9 miles of this march the compass needle turned in all 
directions and was of no use for laying a course ; they consequently 
had to set up marks for finding their way back. 



Fig. 407.—Prismatic 

Fio. 466.—Compass card. compass. 


Magnetic Compass. —^The magnetic compass finds its most 
important use in the navigation of ships and aeroplanes. The 
compass card consists of a light disc on which the points of the 
compass, shown In Fig. 466, are drawn and which carries several 
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light steel magnets, the whole being suspended upon an agate 
cup resting on a needle point. 

If a steel bar is held in the direction of the earth’s magnetic 
field and struck with a hammer several times, it becomes mag¬ 
netised. Modem ships are built of steel, and owing principally 
to the hammering they undergo in construction they become 
magnetic. This would affect the compass reading, and permanent 
magnets and soft-iron spheres have to be fixed in such positions 
round the compass as to destroy exactly the field produced by 
the ship’s magnetism. 

Fig. 467 shows a prismatic compass, which is used for surveying 
and military purposes. Its case is a shallow metal box about 
2| inches in diameter. To use it to take the bearing of a distant 
object the eye looks through the slit above the prism and gets 
the distant object in line with the vertical wire in the upright 
frame ; the reading of the card is then seen reflected in the prism 
directly below the distant object. A section of the prism is shown 
at P ; its under surface is curved so as to magnify the reading 
of the card. Similar prismatic fittings, called azimuth mirrors, 
are used for taking compass bearings at sea. 


Examples III 

1. The magnetic elements at a place are : Declination 30** W., dip 
56® S., and horizontal force 0-20 e.g.s. Calculate the components of the 
earth's field in the directions geographical north and west, and 
vertically do^vnwards. 

2. Describe the dip circle and explain its action. How does it 
behave when it is rotated slowly through one complete revolution about 
a vertical axis 7 

8. How will a dip needle set itself, when its axis of rotation is in the 
magnetic meridian at the magnetic equator ? 

4. A dip needle is 10 cm. long and is placed in the meridian in a 
locality where the dip is 66® 50' and the horizontal component of the 
earth’s field 0185 e.g.s. unit. A small weight is attached to the upper 
end of the needle and brings it into the horizontal plane. Calculate the 
magnitude of the weight on the assumption that the poles of the needle 
are at its ends and of strength 10 units. 

5. A dip circle is placed so that the needle sets vertical. The circle 
is then rotated through an angle a about a vertical axis, and the dip 
as measured in this position is found to be 4 >. Find its true value. 

6. A dip needle oscillates in the meridian at the rate of 30 oscillations 
per minute at a place where the dip is 66® 54', and the horizontal com¬ 
ponent of the earth’s field 0-185 gauss. At another place wliere the 
dip is 81® 1', the dip needle makes 28-74 oscillations per minute. Find 
the value of the horizontal component of the earth’s field at the second 
place. 



CHAPTER IV 


ELECTROSTATICS. FUNDAMENTAL IDEAS 

Fundamental Experiment. —It was discovered by Thales about 
600 B,c. that when amber was rubbed it acquired the property 
of attracting threads and other light objects. It was found by 
Gilbert, about the year 1600, that this property was shared by 
many other substances, such as glass, sealing-wax, etc., and he 
named the effect produced on these substances by rubbing them 
“ electrification,” after elektron, the Greek word for amber. 

The easiest way of exhibiting the effect is to tear off some little 
squares of paper about 2 mm. side, and rub the end of a vulcanite 
fountain pen on your sleeve. It then becomes electrified, and if 
it is brought near the little bits of paper, the latter jump up and 
adhere to it. 

Two Kinds of Electrification. —If a pith-ball is suspended 
by a dry silk thread like the bob of a pendulum, and if a glass 
rod is rubbed with a piece of silk and held towards the pith-ball, 
the latter is attracted towards the glass rod, touches it, and then 
is repelled by it. If another pith-ball is suspended by a dry silk 
thread, and a stick of sealing-wax rubbed with dry fiannel and 
held towards this other pith-ball, the latter is attracted towards 
the wax, touches it, and then is repelled by it. But if the glass 
rod is held towards the second pith-ball, it attracts it, and if the 
sealing-wax is held towards the first pith-ball, it also attracts it. 
Evidently the pith-ball electrified by the glass rod is in a different 
state from the pith-ball electrified by the sealing-wax. 

These experiments are explained by assuming that there are 
two kinds of electricity, just as there are two kinds of magnetic 
poles, and that, as in the case of the magnetic poles, their behaviour 
can be summed up in the following rule : 

Like electrical charges repel; unlike electrical charges attract 
each other. 

The kind of electricity excited on a glass rod by rubbing it 
with silk was formerly called vitreous electricity, and that excited 
on the sealing-wax by rubbing it with flannel resinous electricity. 
The pith-ball that touched the glass rod acquired a charge of 
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vitreous electricity, and hence was repelled by the latter and 
attracted by the sealing-wax ; the pith-ball that touched the 
sealing-wax acquired a charge of resinous electricity, and hence 
was repelled by the latter and attracted by the glass. The names 
** vitreous ** and ** resinous ” are, however, now obsolete. It was 
found that whenever a charge of the one kind of electricity was 
produced, an equal charge of the other kind was produced simul¬ 
taneously ; for example, when the glass acquired the vitreous 
charge, the rubbing silk acquired a resinous charge. And if these 
two charges were transferred to the same body, the latter showed 
no signs of electrification at all. The two charges neutralised each 
other and the final charge was zero. Hence, since the addition of 
the two kinds of electricity produced zero charge like the addition 
of numbers with positive and negative signs, it became natural to 
regard the one kind as positive and the other kind as negative. 
The vitreous electricity is called positive and the resinous negative ; 
this choice of terms is perfectly arbitrary, and could quite as 
well have been made the other way. 

All uncharged bodies are assumed to contain large equal 
charges of positive and negative electricity. If such a body is 
alone, the charges neutralise each other and it has no electrical 
action. But if a charged body, for example, a positively charged 
body, is brought near, it attracts the negative charge within the 
first body and repels the positive one. Consequently, the end of 
the first body nearer the second body acquires a negative charge 
and the other end a positive one, and the negative charge being 
nearer the second body, its attraction is greater than the repulsion 
of the positive charge. Thus an uncharged body is attracted 
towards a charged one. The action is somewhat similar to that 
of a magnet on a piece of unmagnetised iron. This explains why 
the pith-balls in the experiments described above were at first 
attracted by the glass and sealing-wax. Like charges repel, 
unlike charges attract, and charges of either sign attract uncharged 
objects. 

The question arises as to why in the experiment with the 
fountain pen the pieces of paper stuck to the vulcanite, and were 
not repelled as soon as they touched, as in the case of the pith- 
ball. It is because the vulcanite becomes negatively charged, 
and at first repels all the negative electricity out of the paper into 
the table, and the negative electricity which flows into the paper 
from the vulcanite after contact is not enough to make up this 
deficiency. Consequently, there is an excess of positive in the 
paper, and it remains sticking to the vulcanite. 

Conductors and Insulators. —When a pith-ball suspended 

by a dry thread of unbleached silk is given a charge of electricity, 
it retains this charge for a time. But if it were suspended by a 
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thin copper wire, it would lose the charge at once. The silk thread 
is called a good insulator or non-conductor, while the copper wire 
is a good conductor and conducts the electricity away at once. 
The best non-conductors are ebonite, sulphiu-, glass, shellac, 
quartz, paraffin, sealing-wax, and silk. The best conductors are 
the metals and solutions of inorganic salts in water. There is no 
sharp division between the classes ; for example, dry wood and 
paper are semi-conductors. When a body is electrified by friction, 
the nature of the charge produced on it depends on the substance 
with which it is rubbed ; thus glass, which acquires a positive 
charge when rubbed with silk, acquires a negative charge when 
rubbed with catskin. 

The earth, or at least those portions of it which are moist, 
may be regarded as one huge conductor. A body which is put 
into conducting communication with the earth is said to be 
earthed ; the best way of doing this is to connect it by a wire 
to the water-pipe or the gas-pipe, or to carry the wire itself deep 
below the suri^e of the earth. Owing to the large size of the 
earth in comparison with any charged body, the fraction of the 
original charge which remains on it after earthing is negligible ; 
the charge passes along the conducting path to earth, and the body 
is said to be discharged. 

All the non-conductors can be electrified by rubbing; if a 
brass rod is held in the hand and rubbed with flannel, it shows 
no signs of electrification, but if it is fitted with an insulating 
ebonite handle and then rubbed it becomes strongly electrified. 
The electricity escapes in the first case through the body of the 
experimenter to earth. 

Absolutely pure water would be a non-conductor, but water 
usually contains small quantities of dissolved matter which make 
it a conductor. Thus, if the silk supporting the pith-ball is damp, 
the latter does not retain its charge, and in the same way, if the 
glass stems used for insulation purposes in electrical apparatus 
become covered with a film of moisture, they cease to insulate. 
Experiments on electric charges succeed best on a dry frosty 
day, and an open coal fire or a gas fire is the best way of drying 
the apparatus. If the atmosphere is moist, the charges leak 
away very rapidly. 

Gold-Leaf Electroscope. —Fig. 468 represents the gold-leaf 
electroscope, which is an instrument used for indicating the 
presence of an electric charge^ It consists of two gold leaves 
hung from the lower end of a metal rod. This rod passes through 
an insulating plug in a glass shade, which protects the leaves from 
mechanical injury and air currents, and terminates above in a 
metal disc or cap. The gold leaves, rod, and disc may be regarded 
as one conductor. " 
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If the disc is touched for an instant by a glass rod which has 
been electrified in the usual way, a positive charge is communicated 
to the leaves, and they repel one another 
and diverge. If they diverge too far, they 
touch strips of tinfoil pasted inside the 
shade, which conduct away their charge to 
the earth, and cause them to collapse 
together again. The electroscope can be 
discharged at any instant by merely touching 
the plate with a finger ; the charge then 
escapes through the body of the experi¬ 
menter to the earth. If a charged electro¬ 
scope is left to itself, the charge gradually 
leaks away through the atmosphere. 

If the electroscope is discharged, and 
then a glass rod electrified in the usual 
manner is brought near the disc, but not 
allowed to touch it, the leaves diverge. 

They are then said to be electrified by 
induotioii. Fig. 469a shows what happens^ The positive and 
negative charges on the plate and disc separate out under the 
influence of the positive charge on the glass, the negative charge 
being attracted up to the disc and the positive charge being 
repelled into the leaves; the leaves consequently diverge with 
positive electricity. If now, while the glass rod is kept in position, 
the plate is touched for an instant with the finger, as shown in 
Fig. 4696, the positive charge on the leaves escapes through the 
body of the experimenter to earth and the leaves come together, 
while the negative charge on the disc is held in position by the 
attraction of the positive charge on the glass rod. Suppose now 



Fig. 408.—Gold-leaf 
electroscope. 







Fio. 460a. 


Fio. 4606. 


Fig. 4C0c 


Charging an electroscopie by induction. 



that the glass rod is removed ; the negative electricity is no 
longer confined to the plate by the attraction of the positive charge 
on the glass rod, but spreads over the plate, rod, and leaves, so 
that the leaves diveiy|e with a charge of negative electricity, as 
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shown in Fig. 469c. The glass rod has thus been made the means 
of giving the electroscope a charge of the opposite nature to that 
which it possessed itself. When charged in this way the electro¬ 
scope is said to be charged by induction. The method of induction 
is the most convenient way of charging an electroscope, because 
the charge can be regulated by altering the distance of the charging 
body. 

Test for Presence of an Electric Charge.—If the leaves of the 
electroscope diverge, and if when a body is brought close up to the 
disc of the electroscope without touching it, they diverge still further, 
then the body has an electric charge of the same sign as the leaves, 
for we have here the induced distribution superimposed on the original 
one. If, however, the leaves collapse, the body may have a charge of 
the opposite sign to the leaves, but this is not in itself conclusive, for 
if an earthed conductor is brought near the disc of a charged electro¬ 
scope, it causes the leaves to collapse. 

Charges of Opposite Sign are always produced In Equal Amounts.— 
It was mentioned on p. 473 that, whenever a charge of the one 
kind of electricity was produced, an equal charge of the other kind 
was produced simultaneously. This can be shown very neatly by 
making a flannel cap to flt the end of an ebonite rod and fastening a 
silk cord to it; this cord is wound round the cap and the latter rotated 
round the ebonite by pulling the cord tight. The friction of the flannel 
on the ebonite causes electriflcation. If both rod and cap are then 
brought near the disc of an electroscope, there is no effect on the leaves, 
but if the cap is drawn off by the silk cord, and cap and rod tested 
separately, the rod is found to have a negative and the cap an equal 
positive charge. In the ordinary method of electrifying the ebonite 
rod the positive charge of the flannel escapes through tbc: fingers of the 
experimenter to earth. 


Electrophorus.—Fig. 470 represents the electrophorus, a 
simple apparatus used for producing and collecting larger 

quantities of electricity than can be ob¬ 
tained by rubbing sealing-wax or glass. 
Its action depends on electrification by 
induction. 

It consists of a cake of resin or some 
similar substance about 12 inches in di¬ 
ameter and a half-inch thick, contained in 
a metal mould AB, and a metal disc or 
cover CD, of a diameter somewhat less 
than that of the cake, and provided with an insulating glass 
haudle E. To use the electrophorus the cake is first well dried, 
and then rubbed with catskin. This gives its surface a charge of 
negative electricity. The cover is then placed on the top of the 
cake. Owing to the surface of the latter not being quite plane. 



Fio. 470.—Electrophorus. 
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contact is made only at a few points; consequently, since the 
resin is not a conductor, its electricity does not pass to the cover, 
but acts inductively on the latter, causing a positive charge to 
separate out on the under surface of the plate and a negative 
charge to appear on its upper surface. If the upper surface is 
then touched with the ftnger, this negative charge escapes through 
the body of the experimenter, and if the cover is raised by its 
insulating handle the positive charge is retained, and diffuses 
itself over the surface. If a finger is then brought near the edge 
of the cover, a sharp spark passes, or if the edge is brought near 
an unlit burner out of which gas is streaming, a spark passes to 
the burner and lights the gas. The mechanical work done in 
raising the plate is converted into the electrical energy of the 
spark. 

The cover may be charged a considerable number of times 
without recharging the resin. 



Fio. 471. Fiq. 472. 

Distribution of Electrical Charge upon Conductors. —A 

proof plane consists of a smalL metal disc, about the same size 
as a sixpence but thinner, hxed by sealing-wax to the end of a 
thin glass rod ; the glass rod forms an insulating handle. Figs. 471, 
472, and 473 all represent metal conductors mounted on insulating 
glass pillars ; in P’ig. 471 the conductor is spherical, in Fig. 472 it is 
pear shaped and drawn out to a point on one side, and in Fig. 473 
it is spherical and hollow, and has a little hole at the top. 

Now, suppose that the spherical conductor is charged by an 
electrophorus, and that its surface is touched by a proof })lane. 
Some of the electricity then flows into the proof plane ; if the 
proof plane is then made to touch the disc of a gold-leaf electro¬ 
scope, the leaves of the latter will diverge. If the electroscope 
and proof plane are discharged by touching them with the finger, 
and the proof plane is employed to bring a charge to the electro- 
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scope from any other point on the surface of the conductor, the 
gold leaves will diverge again to the same extent as before. Now 
the extent of the divergence is a measure of the quantity of 
electricity communicated to the electroscope. Hence the quantity 
of electricity taken from the two points on the surface of the 
conductor is the same, i.e. the surface density, or amount of charge 
on unit area is the same over'the whole surface. 

If, however, the conductor represented in Fig. 472 is charged, 
and charges are taken from different points on its surface to the 
electroscope, the divergence is not the same in the different cases, 
but is greatest when the charge is taken from the point. In the 
same way, when a flat disc is electrified, much more electricity 

can be taken from the edge than 
from the centre. This is a particular 
case of a general rule : if the con¬ 
ductor has any sharp points or edges, 
the electricity collects there in virtue 
of its own self-repulsion, and if the 
density is sufficiently great, may 
escape to the air. 

If the conductor shown in Fig. 
473 is charged, and the proof plane 
is inserted to touch the inside of the 
conductor, withdrawn very carefully 
so as to prevent its touching the 
edge of the hole, and then made to 
touch the disc of an electroscope, 
the leaves do not diverge at all. 
This shows that there is no charge 
on the inside of the sphere; the 
electricity resides solely on the 
outside of a conductor. 

Discharging EiTect of Points.—^The discharging effect of points may 
be illustrated by a number of experiments. If a needle point is 
attached to a conductor and the latter charged, the air round the point 
becomes charged with electricity from the point, and is then repelled 
by the electricity remaining on the point. This causes a strong current 
of air, the “ electric wind,” and a candle flame held close to the point 
is deflected by the current away from the point. Instead of the candle 
flame we may use the “ electric whirl,” an arrangement of blades 
balanced on a pin point which rotates about a vertical axis ; the current 
falls on the blades in succession and causes the arrangement to spin 
round. Again, if a gold-leaf electroscope is charged and a needle held 
in the hand close to the disc, the leaves fall together. The needle point 
becomes electrified by induction, and discharges electricity to the air 
of sign opposite to that on the electroscope; this passes across to the 
latter discharging it. 
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Faraday's Ice-Pail Experiment. —The process of electrifica¬ 
tion by induction can be investigated very thoroughly by the 
arrangement shown in Fig. 474, which consists of an insulated, 
hollow spherical conductor with a small opening in the top, 
the outer surface of which is in con¬ 
ducting communication with an 
electroscope. Faraday who performed 
the experiment first used an ice-pail 
in place of the spherical conductor; 
hence the name of the experiment. 

The experiment consists of three 
parts : 

(i) A is unelectrified and the leaves 
hang vertically. The insulated con¬ 
ductor D is given a positive charge and 
introduced inside A as shown in the 
figure, moved about, and then with¬ 
drawn, care being taken not to touch A during the process. As 
soon as D is Inside A, the leaves diverge, and during the time D is 
being moved about inside A the divergence of the leaves remains 
constant; the positive charge on D induces a negative charge on 
the inside surface of A and a positive charge on the outside 
surface of A and on the electroscope, and it is the latter which 
causes the leaves to diverge. When D is withdrawn, they hang 
vertically once more. 

Hence when a charge is almost completely surrounded by a 
conductor, the magnitude of the induced charge does not vary with 
the position of the inducing charge inside the conductor. 

(ii) A is unelectrified and the leaves hang vertically. D is 
charged positively and again introduced inside A. The leaves 
diverge with the induced positive charge. Then D is allowed to 
touch the inside surface of the conductor. The divergence of the 
gold leaves remains unaltered. D is then withdrawn, and the 
divergence of the gold leaves still remains unaltered, but on 
testing D it is found to be completely discharged. Its charge 
has exactly neutralised the charge induced on the inside surface 
of the conductor. 

Hence when an inducing charge is almost completely surrounded 
by a conductor, the charge induced on the inside surface is equal in 
magnitude to the inducing charge. 

(iii) The leaves hang vertically, D is charged positively and 
introduced as before, and once more the leaves diverge. Then 
the electroscope is earthed for an instant, and the leaves collapse. 
D is withdrawn, and immediately the leaves diverge again, to the 
same extent as before, but it may be shown that this time the sign 
of their charge is negative. Whenever it is no longer held in 



Fio. 474.—Faraday’s ice-paii 
experiment. 
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position by the attraction of the charge on D, the induced negative 
charge takes up the position on the outside of the conductor 
previously occupied by the induced positive charge, and is 
evidently of the same strength as the latter. 

Hence Die indticed positive and negative charges are exactly 
equal. 

Law of Force between Electrical Charges.— If two charged 

bodies are small in comparison with the distance between them, 
we can regard each charge as being situated at the centre of the 
small body, and it is then found, just as in magnetism, that 

The force exerted on one charge by another is proportional to the 
product of the charges and inversely proportional to the square of the 
distance between them. 

Expressing the law algebraically we have 

^ K d2 



where F denotes the force in dynes, f the magnitudes of the 

charges, d the distance between 
them in centimetres, and K a 
constant of proportionality depend* 
ing on the medium. 

Torsion Balance. —The law was 
proved by Coulomb by means of 
the torsion balance about 1787, 
and is sometimes referred to as 
Coulomb’s law. Fig. 475 represents 
the arrangement. There is a glass 
rod i carrying a gilt pith-ball m, 
and a fine shellac rod np supported 
by a thin wire and carrying a disc 
of copper foil n. oc is a scale 
fixed round the side of the glass 
cover, and the air inside the cover 
is kept dry by a small dish con¬ 
taining calcium chloride. It is 
arranged by means of the torsion 
head, that there is no twist on the 
Fio. 475.—Torsion balance. wire when m and n are in contact. 

m is then removed, charged, and 
placed in position ; it touches n, the latter becomes electrified, is 
repelled, and comes to rest after a few oscillations a certai 
distance from m under the combined action of the electrical 
repulsion of m and the torsion of the wire ; the couple exerted 
by the wire is proportional to the angle turned through. By 
rotating the torsion head more twist is put on the wire and o 
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brought to rest at half its former distance from m ; then it may 
be shown by calculation that the force necessary to hold it in 
equilibrium in this position is four times its former value. If 
m is touched by another sphere of the same size, its charge is 
halved, and it is foimd that half the former amount of twist is 
necessary to hold n in position. 

The law was proved by experiments of the above nature but 
not accurately, owing to the gradual leaking away of the charges 
along the insulating supports. Our belief in its accuracy rests 
on the fact, that it has been made the basis of many theoretical 
calculations, and that there has never been any reason to doubt 
the validity of the results obtained. 

Example. —In a special case Coulomb found that when m touched 
n, the rod carrying the latter came to rest in a position making an angle 
of 36* with its initial direction. Through what angle should it be 
necessary to turn the upper end of the wire to bring n halfway back to 
its initial position ? 

The force of repulsion in this position is four times as great, and 
consequently the one end of the wire should be twisted through 
4x36° =144* relatively to the other. But as the lower end turns 
through 18* in passing to the new position and the wire has already 36° 
of twist, the upper end of the wire must be turned through an additional 
144—36+18 = 126*. 

Unit Charge. —The definition of unit quantity of electricity is 
based on Coulomb’s law : 

Unit quantity of electricity is such, that when placed at a distance 
of 1 cm. in air from an equal and similar quantity, it repels it with 
a force of\ dyne. 

In the equation 

K 

write q=q' = \ and d = \. Then, from the definition, F also =1, 
and consequently K = l. The unit is thus defined in such a way 
as to make the constant of proportionality K = 1 for air. It has 
other values for other media. 

The unit as defined above is called the electrostatic unit in 
order to distinguish it from another unit of quantity which is 
used in connection with current electricity. 

Example. —Two small electrified pith-balls which carry erpial 
charges, are hung by fine silk fibres from a fixed point, and kept apart 
by their mutual repulsion. The mass of each ball is gni. and 
the length of each fibre 120 cm. The distance between the balls is 
9-9 cm. Find the magnitude of the charges. 

Let g=charge on each ball. Then the force of repulsion on each is 
g*/9-9*. This is equal to the horizontal component of the stretching 
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force in each hbre or sin 0 dynes, where 0 is the angle which the 
fibre makes with the vertical. We have 


sin 



9-9 

2x120 


which gives 5 = 10 units. 


Hence 


g* 

0-9* 


9-9g 

40x2x120 


Intensity of Electric Field. —^The space round an electric 
charge or system of charges, throughout which it exerts a force 
of attraction or repulsion, is called its electric field. The strength 
of the field is defined in the same way as for a magnetic field : 

The electric field at a point is said to have unit intensity or field 
strength, if it acts on unit positive charge placed at the point with a 
force of one dyne^ the presence of the unit positive charge being 
supposed to produce no disturbance in the field. 

Thus to take the case of a point distant 5 cm. from a charge 
of 20 units concentrated at a point, the field strength would be 
20 / 52 = 0*8 c.g.s. unit. If the field strength is F, a charge of q 
units placed at the point would be acted on by a force Fg; it is 
the product F 5 , not F, which is measured in dynes. 

The direction of the field is that in which unit positive charge 
would move at the point. 

Lines of Force. —^An electric field can be represented In direc¬ 
tion and magnitude by lines of force in the same way as a magnetic 



2«*IQ. 476.— Unlike charges. 


field, but owing to experimental difficulties cannot be mapped 
so easily as a magnetic field can. Also the convention adopted 
as to the number of lines dra\vn to represent the strength of the 
field is different from in magnetism. In magnetism ^irm lines 
of force were assumed to radiate out equally in all directions from 
a positive pole of strength m ; consequently, if a sphere of radius 
r were drawn with the pole as centre, the number of lines inter- 
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seating the surface per unit area would be 4nTml4mr^=mlr^t which 
is equal to the field strength. In electrostatics only q lines of 
force are supposed to start from a positive charge of strength 5 , 
and consequently the number intersecting unit area of the sphere 
of radius r is y/ 4 f 7 rr 2 . To obtain the field strength we must multiply 
it by 47 r. This is the general rule ; if N is the number of lines of 
force per square centimetre, 4 f 7 rN is the field strength. 

We assume, then, that a line of force starts from each unit 
positive charge, that a line of force ends at each unit negative 
charge, and that a line of force cannot end without there being 
a unit charge at its end. In the case of a charge of strength q, 
however, the other ends of the lines of force may be so far away, 
that the effect of the charges situated there may be neglected, 
and we can treat the charge q as if it existed by itself. Here we 
have another difference from magnetism, for in magnetism the 
positive pole is always accompanied by a negative one. 

As in magnetism the lines of force tend to shorten themselves 
like stretched elastic cords, and neighbouring lines repel each 
other sideways. All the phenomena of attraction and repulsion 
are explained by means of the properties of the lines of force ; 
thus in Fig. 476 the tension of the lines of force pulls the unlike 
charges together, and in Fig. 477 the lateral repulsion of the lines 
of force pushes the like charges apart. 

Illustrations of the Action of Lines of Force. —Many electro¬ 
static phenomena are made much clearer by a consideration of 
the behaviour of the lines of force. Let us take first 
the earthing of an insulated charged sphere. 

Let us suppose that the sphere is earthed by the 
straight wire AB. Consider the line of force whose 
position coincided initially with that afterwards 
occupied by the wire. At first it could not indulge 
its tendency to contract, for its ends could not 
leave the sphere and earth; but whenever the 
latter were joined by the wire, the ends of the line 
slid along the wire carrying their charges with Fio. 478. 
them, met, and the line of force was annulled. 

There was consequently nothing left to support the line CD on 
the right, and it was pushed by the neighbouring line EF against 
the wire, and annulled also. And so with the other lines ; each 
in turn pulled a charge along the surface of the sphere on to the 
wire, where it met and neutralised the charge belonging to the 
other end. 

Let us consider next Faraday’s ice-pail experiment. Assume 
that the sphere which is lowered inside the insulated, uncharged 
conductor has a positive charge Q. Then Q lines of force radiate 
out from it equeJiy in all directions. With the exception of a 
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pass out through the hole these meet the imier surface 
of the conductor. Consequently, the charge on the latter is almost 
equal to —Q, the sum of the charges at the ends of the lines. 

Before the charged sphere was lowered into the hollow 
conductor, the lines of force which started from it terminated on 

the walls of the room. As the sphere was 
lowered, each was in turn cut by the edge 
of the hole, forming two lines, one from the 
sphere to the inside surface and the other 
from the outside surface to the walls of the 
room. The latter started from a unit 
positive charge on the outer surface of the 
sphere, and it was the sum of these positive 
charges which formed the charge induced 
on the outer surface of the sphere. 

Let us consider finally the screening 
effect of a piece of wire gauze. It is often 
important to screen an instrument like the 
electroscope from the effect of charged bodies in its neighbourhood. 
This can be done by bending wire gauze into a cylinder, earthing 
it to the gas or water pipe, and standing it round the electroscope 
with its upper edge about six inches above the surface of the disc. 
Then the lines of force from charged bodies in the neighbourhood 
terminate on the gauze and do not reach the disc. 

Nature of Electricity. —Tlie Two-Fluid theory of electricity 
maintained that the opposite kinds of electricity were subtle 
fiuids ; those of the same kind repelled, and of opposite kind 
attracted, one another. The union of equal quantities of the two 
fluids constituted a neutral fluid which was supposed to exist 
in large quantities in all unelectrified bodies. 

The One-Fluid theory was originally suggested by Benjamin 
Franklin, who first used the terms positive and negative to denote 
the two kinds of electricity. According to this theory, there was 
only one electric fluid and it was possessed by unelectrified bodies 
in a normal amount; an excess of the fluid constituted a positive 
charge and a deficiency a negative charge on the body. The 
particles of the fluid repelled each other and attracted ordinary 
matter. 

Both these theories could explain all phenomena known up 
lo the end of last century. It was then established experimentally 
beyond all possible doubt, that atoms contained as constituents 
small bodies charged with negative electricity; these are known 
as electrons. All electrons have the same mass, about 
the mass of the hydrogen atom, and also the same charge, which 
is known as the elementary electrical charge ; according to a very 
accurate determination made by Millikan, the value of this charge 
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is 4*774 X lO—io electrostatic unit. Since the atoms are electrically 
neutral, it follows that if electrons are withdrawn from an atom, 
it is left with a positive charge. According to the modern view, 
when a conductor is electrified by induction, for example, electrons 
are separated out from the atoms at the one end and move to 
the other end of the conductor, creating a deficiency of negative 
electricity at the one end and an excess at the other. The modern 
view may therefore be regarded as a development of the old 
one*fluid theory with the roles of positive and negative electricity 
interchanged, and the unknown fluid replaced by a cloud of charged 
particles, about which we have full and accurate information. 

But the language of the two-fluid theory possesses a certain 
convenience for describing phenomena, and hence we still speak of 
the positive electricity within a conductor being repelled to the 
one end and the negative being attracted to the other end, though 
we know that the positive charges remain stationary. • 

The atom contains a number of electrons varying from one in 
the case of hydrogen up to 92 in the case of uranium. This 
number is known as the atomic number. Less is known about the 
positive electricity than about the electrons. According to the 
theory of the atom put forward by J. J. Thomson, the positive 
electricity was distributed uniformly tliroughout a sphere inside 
which the electrons moved about under the action of the inverse 
square law. This theory has now been replaced by Rutherford’s 
view according to which the positive electricity is concentrated 
in a nucleus round which the electrons circle. 

Examples IV 

1. A piece of shellac is rubbed with flannel and used to touch a pith- 
ball, which is suspended by a silk thread. A stick of sealing-wax which 
has also been electrified by rubbing it with flannel, is then made to 
approach the pith-ball, and the latter is repelled. What is the sign 
of the charge upon the shellac ? 

2. A positive charge is given to a gold-leaf electroscope, and the 
leaves diverge. A charged body is made to approach the disc ; the 
leaves approach each other and hang down straight, but when the body 
is brought closer still without touching the disc, they diverge again. 
State the sign of the charge on the body, and explain the behaviour of 
the leaves. 

3. If you are given a positively charged insulated sphere, how could 
you charge two other spheres, one positively and the other negatively, 
without diminishing the charge on the first sphere ? 

4. What is the distance between two small spheres which have 
charges of 16 and 36 units respectively, and repel each other with a 
force of 4 dynes ? 

5. Two small spheres are insulated, charged with 5 and 10 units 
of positive electricity respectively, and placed 12 cm. apart, b'iud tlie 
force of repulsion between them in grams weight. 



CHAPTER V 


POTENTIAL AND CAPACITY 

Potontlal* — Eig‘ 480 represents a pair of discharging tongs; the 
distance between the two knobs can be altered by changing the 
inclination of the arms. The handle is an insulating one of glass. 

Now^ let us suppose that two insulated conductors are charged 
with positive electricity, and then put into communication by 
means of the discharging tongs, that is, one knob is made to touch 
the one conductor and the other knob the other conductor. In 
general electricity flows through the tongs from the one conductor 




to the other, and the question arises as to the direction in which 
this flow takes place. 

This experiment is analogous to two experiments in other 
branches of physics. Fig, 481 represents a section of two 
cylindrical vessels containing water connected by a tube, which 
is closed by a stopcock S. When the stopcock is opened, water 
flows through the tube from the one vessel to the other. The water 
flows from the vessel in which the surface has the higher level, 
even though that vessel may contain less water than the other 
one. 

40a 
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Again, if a penny is heated red hot and placed on the top of 
a large mass of copper at room temperature., the latter, owing to 
its larger thermal capacity, may contain more heat than the penny, 
but nevertheless the flow of heat is from the penny to the large 
mass, because the penny is at the higher temperature. 

Let us return now to the electrical problem. When the two 
conductors are put into communication we attribute the direction 
of flow to a condition of the electricity called its potential, which 
bears very much the same relation to quantity of electricity 
as pressure bears to quantity of water, or temperature bears 
to quantity of heat. The electricity flows from the conductor 
which is at the higher potential to the conductor which is at the 
lower potential, even though the latter may contain a larger 
quantity of electricity. The flow continues until the difference 
of potential between the two conductors is annulled. It follows 
that all parts of a conductor in which the electricity is at rest, 
must be at the same potential. 

So far we have assumed that the conductors are charged with 
positive electricity. The analogy is complicated a little by the 
fact that we have no negative heat or negative water corresponding 
to negative electricity. If the conductors are charged with 
negative electricity, since loss of negative electricity is equivalent 
to gain of positive, the conductor which loses negative electricity 
is at the lower potential. If the conductors have charges 
of different sign, after being connected the sign of the charge on 
the two will be the same as the sign of the greater charge, while 
the total charge possessed will be equal to the difference of the 
original charges. For example, if originally the conductors have 
charges of -+-100 and —60 units, after being connected they possess 
a charge of +40 units. In this case the conductor with the charge 
of +100 units is originally at the higher potential. To sum up: 

Two conductors are said to be at dijferent potentials if, when they 
are put in conducting communication, the distribution of electricity 
changes. The body on which the positive electricity ^creases is 
said to be at the higher potential. 

Zero of Potential. —Just as measurements of temperature are 
made with reference to some standard such as the melting point 
of ice, and as measurements of level are made with reference to 
sea-level, so measurements of potential are made with reference 
to the potential of the earth. The earth is at the same potential 
throughout, at least those parts of it which are large in extent 
and conduct well, for example, the sea, or the gas and water 
pipes ; its potential is taken as zero. The potential of a positive 
charge, of glass rubbed by silk, is above the potential of the earth ; 
the potential of a negative charge, of sealing-wax rubbed with 
flannel, is below the potential of the earth. 
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M6USiir6inent of Potentisl. —The difference of potential 
between two points is measured by the work which must he done to 
move unit positive charge from the one point to the other. 

If the work in moving unit positive charge from A to B is 
done against the electrical forces of the field, B is said to be at a 
higher potential than A ; if it is done by the forces of the field, B is 
at a lower potential than A. 

Let us suppose that the two points A and B are a distance d 
apart, and that the electrical held is uniform. Let F be the 
component of its intensity along the line BA. Then the force 
on unit positive charge is F, and the work done in moving unit 
positive charge from A to B is Yd. Hence 

VB-VA=Fd 

and 

a 

where Va and Vb denote respectively the values of the potential 
at A and B. The work done in moving q positive units from A 
to B would be q times as great. 

The unit of difference of potential used in current electricity 
is called the volt. One electrostatic unit of difference of potential 
is equal to 800 volts. 

Ekampus.— How much work is done in carrying a charge of 5 
electrostatic units from the earth to a point where the potential is one 
volt or electrostatic unit above the earth ? 

Answer=5 X ^ erg. 

Equip0t61ltial Surfaces. —^An equipotential surface is a 
surface drawm to pass through all the points in the held which have 
the same potential. It follows from the dehnition of potential, 
that electricity will not flow along an equipotential surface, and 
conversely a surface on which the electricity is at rest is an 
equipotential surface. Thus the surface of an insulated conductor 
is one. Since electricity will not flow along an equipotential 
surface, the held intensity has no component along the surface. 
Hence ; 

The lines of force ciU an equipotential surface everywhere at 
right angles. 

Since the lines of force of the external held terminate on the 
surface of a closed conductor, there is no force inside it, and no 
work is done in moving a charge about inside it. Thus the whole 
interior is at the same potential as its surface. 

Potential due to a Charged Spherical Conductor. —Let us 

suppose we have a spherical conductor of radius a, having 
a charge Q, and at a great distance from all other conductors. 
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Then the charge Q is distributed uniformly over its surface, and 
the lines of force radiate symmetrically from it in all directions. 
The number of lines of force radiating from it is Q. If we now 
consider a concentric sphere of radius r which is greater than a, 
the number of lines of force cutting unit area of this sphere is 
Q/477r2. But, as has been mentioned on p. 483 , the field strength 
=47rxnumber of lines of force per unit area=47r xQ/47rr2=Q/r2. 
Thus the sphere acts at external points, as if its whole charge 
were concentrated at its centre. 

Suppose now that unit positive charge is moved from Pj 
to P2 (Fig. 482 ), where Pj and P2 are very close together. The 
force of repulsion on it is 


OPl2 



at Pa 


© 


Fig. 482. 


The average value lies between these two quantities, being greater 
than the first and less than the second. 

If the force changed uniformly, the f O Ps Pz Pi 

arithmetic mean would be the correct 
average to taket the force, however, 
increases more rapidly at P2 than at 
Pi, and it is found that the average is represented better by the 
geometric mean, 

Q 

5Pi OP 2 

The work done against the forces of the field in moving unit 
charge from Pj to P2 is consequently 


Q 


^2^1 = 


Q(OPi-OP2) 


OPjOPg'^'* OPi OP2 

'^^(oPz" OP 

In the same way the work done from P^ to P3 is 


k) 


Q 


_L 

Vop, OP 


) 


and similar results are obtained for all the steps up to A. If 
all these expressions are added together, the terms cancel out 
with the exception of the two end ones, and 


Now let OPi become infinitely large; then l/OP, becomes zero. 
Since the lines of force diverge out equally from the sphere in all 
directions, it must be at an infinite distance from the earth, and 

R 
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Vp the potential at infinity is equal to the potential of the earth, 
that is to zero. Hence the potential of the sphere is given by 



a 


Capacity. —The quantity of heat given to a body is obtained 
by multiplying its increase of temperature and its thermal capacity. 
If we have two bodies in contact, and an additional quantity of 
heat is given to them, it is distributed between them in pro¬ 
portion to their thermal capacities. 

Just in the same way all conductors have electrical capacities. 
The quantity of electricity given to a conductor is equal to the 
product of its increase of potential and its capacity, potential as 
before being analogous to temperature. If initially the conductor 
is uncharged, 

Q=CV 

where Q is the quantity of electricity, V the potential to which 
Q raises it, and C the capacity. Hence 



4 


The capacity of a conductor is the ratio of the charge <m it to the 
potential to which this charge raises it. 

For a spherical conductor at a great distance from other bodies 


r_Q_ Q 
V-Q/a 


=a 


Thus the capacity of a sphere is equal to its radius. Capacities 
are consequently measured in cm. on the electrostatic system of 
units. In dealing with current electricity this unit is too small, 
and another unit, the microfarad, is used. One microfarad 
= 9x10® cm. Hence the capacity of a sphere of 10 cm. radius 
is 


10 

9X1^ 


= 1T1 xl0~® microfarad. 


There is one important difference between thermal capacity 
and electrical capacity ; the electrical capacity of a conductor 
depends not only on its own size and shape, but also on its position 
with regard to other conductors. 

Condensers. —The larger a couducter, the greater its capacity, 
provided that its shape is unchanged. But there is another 
method of increasing the capacity of a conductor, better than 
increasing its size; this method utilises the principle of the 
condenser. 

It is represented in Fig. 483. A is a fixed insulated metal 
plate, connected to an electroscope, B a similar plate which is 
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earthed and faces A, and the distance of which from A can be 
altered. 

Let us suppose first, that the plate B is at a great distance 
from A, that A is given a positive charge, and that the leaves of 
the electroscope diverge widely. If B is brought up to A, 
the leaves gradually fall together. The closer the plates are 
brought together, the closer the 
leaves approach one another. 

On withdrawing the earthed 
to its original position 
the leaves regain their initial 
divergence, showing that the 
charge on A has not altered 
during the experiment. 

The positive charge is dis¬ 
tributed between the plate A 
and the electroscope in the ratio 
of their capacities. When the 
leaves fall together, the electroscope loses its charge to the plate y 
consequently, the capacity of the latter has been increased. 

When the plate B is brought close up to A, a negative charge 
is induced on it equal and opposite to the charge on A. The 
attraction of this negative charge counteracts the self-repulsion 
of the positive charge on A, keeps it together, and enables A to 
hold more positive electricity than it otherwise could. 

To look at the matter from yet another standpoint, the 
potential of A is the work done in taking unit positive charge from 
earth to A. When B is brought close to A, the distance the unit 
charge is carried is very much less. Thus for the same charge 
Q on A the work done, and consequently the potential, is less, 
and hence the capacity of A is increased. 

An arrangement by which the capacity of a conductor is increased^ 
as in Fig. 483, by bringing near it another conductor with a charge on 
it of the opposite sign, is called a condenser. The capacity of the 
one plate when the other plate is earthed is called the capacity 
of the condenser. 

Leyden Jar. Variable Air Condenser. —Figs. 484 and 485 
depict respectively two well-known types of condenser, the Leyden 
jar and the variable air condenser. 

The Leyden jar consists of a glass jar, the inner surface of which 
is coated with tinfoil halfway up. This tinfoil corresponds to the 
plate A in Fig. 483. It is in conducting communication with a 
brass rod surmounted by a knob, which is fixed in the insulating 
cover of the jar. The outer surface of the glass is also covered 
with tinfoil halfway up, this coating corresponding to the 
plate B. 
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The condenser depicted in Fig. 485 consists of a set of fixed, 
equidistant, semicircular aluminium vanes inside which another 
set of semicircular vanes moves, the whole being contained between 
ebonite top and bottom plates and surrounded by a celluloid 
cover. The one set of vanes corresponds to plate A in Fig. 488, 
the other set to plate B. The pointer on the top gives a reading 
proportional to the angle of overlap of the two sets of vanes ; 
the capacity is approximately proportionate to this angle. 

The small condensers used in wireless receiving sets consist 
of sheets of tinfoil separated by sheets of mica or paraffined 
paper ; the latter is cheaper than mica, but is not such a satis* 
factory insulator as mica. 

Capacity of a Spherical Condenser.— The condenser is 

represented in Fig. 486 and consists of an inner insulated sphere of 



radius rj and a concentric, earthed, outer sphere of radius r 2 . 
There is small hole in the outer sphere at P to allow of the inner 
sphere being charged and discharged, and the medium between 
the two spheres is air. 

Let Q be the charge on the inner sphere. Except for a slight 
disturbing effect due to the hole this charge distributes itself 
oniformly over the surface, and induces a charge —Q on the inner 
surface of the outer sphere. The line of force from each unit 
charge on the inner sphere goes radially across to the outer 
sphere, and terminates there in a unit charge of the opposite sign. 
If a imit positive charge is brought from infinity to the surface 
of the inner sphere, the work done against the repulsion of the 
charge Q on the inner sphere is Q/rj. The work done by the 
charge —Q on the outer sphere in bringing it up to the edge of the 
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hole is —Q/t 2 I once it is inside, no further work is done on it 
by this charge, for the interior of the sphere is an equipotential 
space, so far as the charge —Q is concerned. The whole work 
done against the forces of the field is 

Q_Q=Q(l_i) 

ri Tz Vri Tz^ 

Tliis is the potential of the inner sphere, and by definition the 
capacity of the condenser is 

Q ^ Q ^ TxTz 

Capacity of a Plate Condenser. —The capacity of the 
spherical condenser per unit area of the surface of the inner 
sphere is 

>• 1^2 _ 

r2—ri 

Write r^—r, r 2 =r+<i. Then the expression becomes 

rKr-^-d) 

Let us suppose now, that r becomes very large in comparison with 
d, so that the d in the numerator may be neglected. The ex¬ 
pression simplifies to 

1 

47rd 

• 

The curvature is now so small that, provided too great an area 
is not taken, the surfaces may be regarded as plane. Consequently, 
the capacity of a condenser consisting of two parallel plates of 
area A situated a distance d apart in air is 

A 

Amd 

Specific Inductive Capacity. —Let us suppose that in the 
case of the arrangement shown in Fig. 483 the plates are kept at 
a fixed distance apart, and that the insulated one is charged. 
Then introduce a thick slab of ebonite, glass, or other insulating 
material between them. The leaves at once fall together, showing 
that the capacity of the condenser is increased. The capacity 
therefore depends on the medium between the plates. This fact 
is expressed by saying that different dielectrics, as the media 
between the plates are called, have different specific inductive 
capacities. 

The specific inductive capacity of a substance is the ratio of the 



494 


ELECTRICITY AND MAGNETISM 


capacity of a condenser when this substance is used as dielectric 
to its capacity with air as dielectric. 

The following table gives the specific inductive capacity, or 
dielectric constant as it is now more frequently called, of some 
common substances : 


Ebonite 

Glass 

Sulphur 


2-8 

5-10 

4 


Mica. 

Benzene 

Petroleum 


7 

2-3 

21 


The capacity of a condenser formed by two plates of area A 
distant d apart and separated by a medium of specific inductive 
capacity K is 

KA 

47rd 

In the case of such a condenser the lines of force go straight 

across from the one plate to the 

C( ^{ 111111 j 11) I i 1111111111} 111 other, as shown in Fig. 487, except 

' f ■ T ■ ■ ■ ■ - —' in the case of the end lines which 

are forced out by the lateral 
pressure of the others. Hence 
the field intensity between the plates is constant except at the 
ends, and if Q is the total charge on either plate, the potential 
difference between the plates 

Q 47rdQ 
C 


Fig. 487. 


=Fd 


where F is the field strength. Consequently 

IT— 

thus the force exerted on unit charge in a medium is inversely 
proportional to the specific inductive capacity of the medium. 

Unit charge was defined on p. 481 as one which repelled 
an equal charge at a distance of 1 cm. with a 
force of 1 dyne, both being in air. It follows 
from the above reasoning, that if the medium 
is one of specific inductive capacity K, the force 
of repulsion will be only 1/K dyne. Thus by 
measuring the capacity of condensers we can 
determine the value of the constant K, which 
entered into the statement of Coulomb’s law on 
p. 480. 

The effect of the medium on the force 
between two charges can be sho\vn by the ex¬ 
periment represented in Fig. 488. Two pith-balls are suspended 
by silk threads and charged, and come to rest in the positions A. 
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If a thick slab of glass is placed between them, they come to rest 
in the positions B, the force of repulsion having been diminished 
by the introduction of the glass. When the glass is withdrawn, 
they return to their original positions. 


Example. —The diameter of a Leyden jar is 9'8 cm., the height of 
the cylindrical coating is 23 cm., and the thickness of the glass 0-8 cm. 
Calculate its capacity on the assumption that the specific inductive 
capacity of the glass is 6. 

Regard the jar as a plate condenser. The area of the plate is the 
sum of the areas of the side and bottom, i.e. 


Then 


9-37r X23 + 




739-8 cm.* 


KA 

Arrd 


6 X 739-8 
Atr XO-3 


= 1178 era. 


=0-00131 microfarad. 




Example. —A variable air condenser consists of 26 fixed serai 
circular vanes of 8 cm. diameter and 26 
similar movable vanes. The opposite 
surfaces are 0-09 cm. apart. Calculate 
the maximum capacity of the condenser. 

The system is represented in Fig. 489. 

The two outside surfaces A and B are 
uncharged ; the electricity spreads itself 
uniformly over all the other surfaces, so 
that, with the exception of the outside 
plates, each plate has a charge on both 
sides. Let n be the number of plates 
in each set ; then it is clear that the 

whole system is equal to 2n—1 separate plate condensers, and that its 
capacity is given by 


B 

Fio. 489. 


(2n—1)A 

4lTTd 


51 XttA* 


= 1133 cm. 


2 xAtt X0 09 
=0-00120 microfarad. 


Condensers in Parallel and in Series. —If the inner coatings 
of a number of Leyden jars or other condensers are joined 
together, and the outer coatings are also joined together, the 
condensers are said to be connected in parallel. In this case the 
capacity of the resultant condenser is the sum of the capacities 
of the separate condensers. For if there are tlirce separate 
condensers, and if the capacities and the charges of each are Cj, 
Ca. Ca and Qi, Q 2 , Q 3 respectively, then 

_ ^ ^ _ Qi+Qa+Q a 

Cg C3 Cj-^-Cg-i-Ca 
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Hence the resnltajit capacity C=Ci+C 2 +C 3 . The result may be 
regarded as obvious. 

If a number of condensers are arranged with the outer coating 
of one joined to the inner coating of the next, as shown in Fig. 490, 
they are said to be in series or cascade. In this case the reciprocal 
of the resultant capacity is equal to the sum of the reciprocals of 
the separate capacities. For let Vi, V 2 , V 3 denote the potentials 
of the different coatings, as shown in the figure, and let Q be the 
charge on each coating. Then 

Q =Ci( Vi - V2) =C2( V2 - V3) =C 3 V 3 
and if C denotes the capacity of the resultant condenser, 

I _Vi _{Vi-V2)+(V2-V3)+Vs 

C Q Q 

_Vi-V2 ■ V2-V3 , Vs 

Q ■ Q Q 



C, 


C3 



-Q 
+ Q 

- 

1 

1____ 


-Q 
+ Q 



-Q 



r, 

>5 

O 


FlO. 490.—Condensers in series. 



The definition of the capacity of a condenser assumed in the 
above proof is, that it is the charge on either plate divided by the 
potential difference between the plates. This agrees with the 
definition given on p. 491, when, as in this case, the charge on 
the second plate is exactly the same as would be obtained, if that 
plate were earthed. 

Energy of a Charged Conductor. —^The potential of a 
conductor which is at a distance from other bodies is propor¬ 
tional to the charge on it. Let us suppose that a conductor is 
charged gradually by bringing up small quantities of electricity 
to it from an infinite distance. Let OH (Fig. 491) represent 
the final charge Q, and HG the final value of the potential 
V. Then if ON represents the charge for an intermediate stage, 
NP represents the potential for the same stage. If a small 
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additional charge NM is now brought up to the conductor at this 
stage, the work done is equal to the product of the charge and the 
potential to which it is raised, i.e. to MN xNP or the area of the 
rectangle MP. If additional charges MX, TU are brought up, 
the work done is equal to the areas of the rectangles TR and US. 
Proceeding in this way it is evident that the whole work done 
in charging the conductor is equal to the sum of the areas of the 
rectangles into which ^OGH can be divided, i.e. in the limit 
when the steps are made very small, to the area of the triangle 
itself, or |QV. 

The conductor must have potential energy equal to the work 
done in charging it. If this potential energy is denoted by E, 
we have, since Q=CV, 

E=iQV=iCV2=i^ 

These formulae also hold for a condenser with one plate earthed, 
if V is the potential difference between the plates. 

The process of charging the conductor in the foregoing proof 
is analogous to building a brick tower. In the expression for the 
energy corresponds to the average gain of potential energy per 
brick, and Q to the number of bricks used. 


Example. —Two metal spheres of radii 6 and 12 cm., electrified with 
400 and 820 positive units respectively, are placed a long way apart, 
and then connected by a very fine insulated wire. Find the final 
charge on each sphere and the energy dissipated as heat in the wire. 


Final potential = 


Q»+Q2 

C,+C, 


400+320 
6 + 12 



Final charges are respectively 240 and 480 units. 

* *_j(Qi+Q2)” 


Heat in wire = 4 -p;— + 4 


C, 

400* 

2x6 


C* 
820 » 
2x12 


c.+c, 

720 » 


2 X 18 


»3200 ergs. 


Frictional Machine. —Fig. 492 represents Winter's frictional 
electrical machine. It consists of a circular glass plate, which is 
made to revolve rapidly while pressed against a cushion covered 
with an amalgam of tin and zinc. As a result of the friction 
against this cushion positive electricity is generated on the surface 
of the glass. As the electrified part of the glass revolves, it passes 
between two wooden rings. The inner sides of these rings are 
each furnished with a row of sharp metal points, which are in 
conducting communication with the metal sphere supported on 

R* 
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the insulating glass pillar to the left. The metal points come very 
close to the glass surface ; consequently, the positive electricity 

sparks from the surface of the 
glass, and collects on the 
sphere. After the handle has 
been rotated some time, the 
charge on the sphere attains a 
maximum ; any gain beyond 
this is balanced by leakage to 
the atmosphere and do^vn the 
glass pillar. 

Experiments with a Leyden 

Jar. —If a Leyden jar is held 
with the hand touching its 
outer coating and the knob 
close to the spherical collector 
of the friction machine, or, 
better still, close to the little 
conducting sphere to the left of the latter, sparks of positive 
electricity pass from the machine to the inner coating of the 
jar, and at the same time a negative charge is induced from 
the earth, through the body of the experimenter, to the outer 
coating of the jar. If the jar is then placed on the table, the outer 
coating touched with one knob of the discharging tongs, and 
the other knob of the tongs brought up to the knob of the con¬ 
denser, when the distance between the two knobs is small, a bright 
spark passes between them with a sharp report. Tlie charges 
on the two coatings of the jar then annul one another, and the 
jar is said to be discharged. 

If the jar is charged and placed on a table, and the knob 
touched by the experimenter, a shock is obtained, which may be a 
severe one, and possibly dangerous in the case of a large jar, for 
the inner charge passes to the outer one through the body of the 
experimenter. 

If, however, after charging the jar it is placed on an insulating 
stool, t,e. a little stool with glass legs, or placed on a large block of 
paraffin wax, which is a very good insulating material, the experi¬ 
menter may touch the inner coating with impunity. The charge 
does not move ; it is held in position by the attraction of the 
charge on the outer coating. But if the experimenter touches 
both coatings at the same time, he receives a shock as before. 

When a Leyden jar is discharged, the energy of the jar, that is, 
part of the work which was done in turning the frictional machine, 
is dissipated in the heat, light, and sound of the discharge. The 
question arises as to where this energy was when the jar was 
charged. The answer to this question is given by an interesting 



Fio. 492.—Winter’s electrical 
machine. 
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experiment performed with the particular kind of jar shown in 
Fig. 498, both the outer and inner coatings of which, C and D, 
are made of thin metal sheeting, and can be detached from B, the 
glass itself. 

After the jar is charged in the usual way, it is placed on an 
insulating block. The inner coating is next removed by the 
hand, or better, by a glass rod ; then the glass vessel is removed, 
and finally the outer coating itself. The two coatings are next 
put into contact, and little or no spark passes. The jar is then 
built up again, and its coatings put into communication by means 
of the discharging tongs, when a spark and report are obtained, 
almost as strong as if the coatings had not been removed. The 
energy of the charge is thus apparently stored up in the glass 
itself. 

If a Leyden jar is discharged by momentarily connecting the 
coatings, a fainter spark may be obtained after a few seconds. 



Fro. 493.—Leyden jar with detachable coatings* 


showing that the glass has not been able to release all its energy 
at once. 

The I.eyden jar was discovered in 1745, and many curious experi¬ 
ments were performed with it about that time. Musschenbroek, to 
whom our first knowledge of its properties is principally due, described 
his chief experiment with it as a terrible one which he would not repeat 
for the crown of France. The name, Leyden jar, is due to the Abbe 
Nollet, who some years later formed a ring of Carthusian monks, 1800 
yards in length, holding iron wires which connected them in series, 
and discharged a battery of jars round the ring. The .simultaneous 
jump made by the monks showed that the discharge was instantaneous 
and of about the same intensity throughout the ring. 

Lightning.—Clouds can become charged bodily with electricity. 
When a <lisruptive discharge takes place between two clouds or a cloud 
and the ground, we have lightning. Lightning is thus just a huge 
electric spark. The reverberation of thunder is the echoing and 
re-echoing of the original report from the clouds. 

Franklin was the hrst to prove that the clouds in a thunderstonu 
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are cliarged with electricity. In 1752 during a thunderstorm near 
Philadelphia, he flew a kite provided with an iron point which was 
connected with the hempen string of the kite. The lower end of tlje 
string was tied to a key, and the key fastened to a tree by a silk cord 

in order to insulate the appa¬ 
ratus. On presenting his hand 
to the key he at first obtained 
no sj)ark and was beginning to 
despair of success, wlien rain 
fell and the string became a 
go(jd ccjiidiictor. Then sparks 
were drawn in rapid succession. 
The silk cord was protected from 
the rain. 

iticlimann of St. I’ctersburg 
while conducting a similar ex¬ 
periment with a long iron rod 
fastened to the top of a house 
and insulated from the ground, 
received a shock which killed 
him. 

The lightning comluctor, 
which was invented by Pranklin, 
consists of a metal rod projecting 
above the highest point of the 
building to be protecte<l, anrl in 
good roncluctingcommunication 
with a point in the earth deep 
enough to be always moist. 
When a charged cloud is above the buihling, it induces an oj>posite 
charge into the liglitning conductor, which cscujjes silently from the 
sharp point of the latter and neutralises the cloiul ; if a discharge does 
take place, the lightning strikes the rod in preference to the building, 
and is conducted to the earth without doing any damage. 

Fig. 41)1 is a photograph of a lightning flash. Tlie branches are 
directed towards the seat of the negiitive electricity. In taking such 
a picture the camera must be set for time, and pointed at cliance. 
Or<linary snapshot film will do, but it is better to use backed plates. 

Wimshurst Electrical Machine. —Fig. 495 represents the 
Wiinsluirst electrical machine, which gives a much more powerful 
supply of electricity tlianthe friclionn- '.lacliine shown in Fig. 492. 
It coiisist.s of two varnislicd glass discs on which strips of tinfoil 
arc pasted. The discs are rotated at a high speed in opposite 
directions by a handle shown at the back of the figure. Two 
horseshoe coirductors provided with rows of points collect positive 
electricity from the tinfoil strips at the one side, and negative 
electricity from the tinfoil strips at the other side ; the electricity 
flows through chains to the Leyden jars, where it is stored up. 
In front of the front plate there is a diametral conductor provided 



Photo by R, C. Gray. 
Fio tot.—A liglitning flash. 
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with brushes at its ends ; these brushes graze against the strips 
of tinfoil. The presence of a similar conductor, which makes 
contact with the tinfoil on the other plate, is indicated by dotted 
lines. In front of the instrument are the sparking knobs with 



Fio. 493.—Wimshurst electrical machine. 


their vulcanite handles for regulating the length of the spark gap. 
When the machine is working, after the jars are filled, a constant 
stream of sparks passes between the knobs. 

Fig. 496 explains the work¬ 
ing of the machine. The front 
plate is represented by the 
inner ring, and the back plate 
by the outer ring. MN and 
PQ are the two diametral 
conductors. Band F the combs 
for collecting the electricity, H 
and J the Leyden jars, and K 
the sparking knobs. The direc¬ 
tions of rotation of the two 
discs are shown by the arrows. 

Let us suppose that initially 
the strip A has a negative 
charge, which may have been induced on it by the neighbour¬ 
hood of a charged body ; then this negative charge induces a 



machine. 
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positive charge on Aj, and a negative charge on Cj. As the 
discs rotate the negative charge on A is delivered up at F. When 
Aj arrives at and C] at Dj, they induce a negative charge on 
B and a positive charge on ID ; then they themselves give up 
their charges to the combs at E and F. The positive charge on 
D is given up to the comb at E. Thus when the machine is 
working the outer ring receives a negative charge at B and a 
positive one at D, while the inner ring receives a positive charge at 
Aj and a negative one at Cj, also the machine acts more powerfully 
as the motion goes on. 

Quadrant Electrometer.—The quadrant electrometer is an instru' 
ment used for measuring small differences of potential. The original 
model, which was due to Lord Kelvin, has now been superseded by a 
simpler form of the instrument due to Dolezalek. The essential features 
of the instrument are four metal quadrant-shaped boxes mounted on 
insulating pillars and a light aluminium vane, called the needle, which is 



Fio. 497.—Quadrant electrometer 

with one quadrant removed. FiG 498.—Plan of the quadrants. 

suspended by a fine wire symmetrically inside the quadrants ; they 
are shown in Fig. 497 witli one of the quadrants removed for the sake of 
clearness. An idea of the shape of the quadrants can be obtained by 
cutting a pill box into four pieces along two diameters at right angles 
to one another. Each quadrant is insulated from its neighbours, but 
connected by a wire to the diagonally opposite one. The needle carries 
a mirror M, and its rotation is read by the deflection of a beam of light. 
The whole is enclosed in an earthed metal case in order to screen off 
external fields. 

To use the instrument the needle is charged to a constant high 
potential, for example, by connecting it to the positive terminal of a 
battery the other terminal of which is earthed. One pair of quadrants 
is then connected to one, and the other pair to the other of the sources 
whose potential difference is to be measured. The needle is repelled 
by the quadrants at the higher potential and attracted by the quadrants 
at the lower potential, and rotates until it is brought to rest by the 
torsion of the wire ; the deflection is then proportional to the difference 
of potential between the quadrants. 
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Examples V 

1. How much work is done in carrying a charge of 50 units from the 
earth to a point where the potential is 40 electrostatic units ? 

2. Calculate the capacity of a parallel plate condenser consisting 
of two plates each of area 400 cm.* situated a distance of 2 mm. apart 
in air. 

8. How many lines of force are there per cm.* in the space between 
the plates of a parallel plate air condenser, given that the area of each 
plate is 120 cm.*, that the charge on each is 500 units, and that they 
are 2 mm. apart ? 

4. Three condensers of capacity 0*001, 0*002, and 0*003 microfarad 
are connected (a) in parallel, (6) in series, (c) with the second and third 
in series and the first in parallel with them. Calculate the resultant 
capacity in each case. 

6. An insulated metal sphere of radius 20 cm. which is at a distance 
from other bodies is charged to a potential of 30 units. Calculate the 
magnitude and the ener^ of the charge. 

6. An air condenser is composed of two circular plates, each 8 cm. 
in radius, placed 1 mm. apart. The energy required to charge it to 
a certain potential is 1200 ergs. Assuming the field to be uniform 
between the plates, calculate the difference of potential and the charge 
on either plate. 

7. The plates of a parallel plate condenser are 2 mm. apart and the 
potential difference between them is 30 electrostatic units. Without 
discharging them they are separated to a distance of 8 mm. What 
does the potential difference now become ? How great is the work 
don^ hi the separation, given that the charge is 8000 units ? 

8. A Leyden jar of capacity 1000 units is given a charge of 10,000 
units, and is allowed to share this charge with an uncharged jar of 500 
units capacity by connecting the two in parallel. Calculate the 
change in the electrical energy of the system, on the assumption that 
there is no charge lost in the process. 

9. What is the capacity of a condenser made of sheet glass 2 mm. 
thick with tinfoil coatings each 25 cm. square, if the specific inductive 
capacity of the glass is 7*0 ? 

10. Two small equal spheres 6 cm. apart in air have charges +20 
and —10 units. Calculate the force between them. The spheres are 
connected for an instant by a wire held by an insulating handle. Wliat 
is then the force between them ? If, now, without altering their 
distance they are both immersed in paraffin oil of specific capacity 2, 
what does the force between them become ? 

11. An air condenser with plates 12 cm. square and 2 mm. apart is 
charged with 1000 units and plunged into oil of specific inductive 
capacity 2. Find the loss of energy. 
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THE EEECTHIC CURRENT 

Leclanch^ Cell.—Fig. 499 represents a Leclanch^ cell. It consists 
of a glass jar, inside which there is a porous pot containing a 

plate of carbon, packed round 
with a mixture of powdered 
carbon and manganese dioxide. 
To the top of the carbon plate 
is fastened a piece of lead in 
which a brass binding screw is 
hxed. The carbon plate is called 
the positive pole, or positive 
electrode, or positive terminal 
of the cell. The negative pole 
consists of the zinc rod to the 
left. The cell is filled one-third 
full with a solution of sal am¬ 
moniac or ammonium chloride. 

Other types of cell will be 
described later. The description 
of this one is taken in advance 
here in order to make clear the 
experiments referred to in this 
chapter. 

Electric Current. —By means of a Leclanche or other cell 
the following effects may be produced : 

Magnetic Effect. —Let us 
suppose that a magnet ns (Fig. 

500) is pivoted so that it is free 
to rotate about a vertical axis, 
and that a straight wire AB is 
set up in a horizontal position 
in the magnetic meridian close 

to ns. Then if the ends of the wire are connected to the poles 
of the cell, the magnet is at once deflected, and tends to set 
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itself at right angles to the wire. This experiment was first 
performed by Oersted at Copenhagen in 1820. If instead of one 
cell two cells are taken in series» that is, with the negative pole 
of the one cell connected by a short piece of wire to the positive 
pole of the other and with the ends of the wire AB joined to 
the free poles, then the deflection of the magnetic needle is 
increased. 

Heating Effect. —If the poles of the cell are joined by a 
short piece of thin iron wire, the latter becomes warm as soon 
as the poles are joined. The heat may be sufficient in some 
cases to raise the wire to incandescence, as in the case of the 
metallic filament l<}mp. 

Chemical, Effect. —Fig. 501 represents a hydrogen voltameter. 
This is a U-shaped tube with stop-cocks at the ends, a thistle 
funnel at the middle, and short pieces of 
platinum wire, K and A, sealed through 
the glass at the comers. It is filled 
initially to the top of both arms with 
dilute sulphuric acid. If several cells 
are arranged in series, and the free 
positive pole connected to the platinum 
wire at A, and the free negative pole 
connected to the platinum wire at K, 
then as soon as the connections are 
made, bubbles begin to be given off 
inside the tube at K and A. These 
bubbles ascend the arms and collect, the 
volume of the gas formed in the one 
branch being exactly twice the volume 
of gas in the other. The gases are 
hydrogen and oxygen, the volume of the hydrogen being twice 
the volume of the oxygen, and the gases are formed by the 
decomposition of water. When the cells are disconnected, the 
formation of bubbles stops. 

Other chemical effects can be produced, if the platinum 
electrodes are j rplaced by other metals and the sulphuric acid by 
other solutions. 

To recapitulate : when the wire joins the poles of the battery 
a magnetic field is produced in its neighbourhood, heat is evolved 
in it, and if it is cut in two and the ends dipped into acidulated 
water, chemical change takes place. Thus when the wire is joined 
to the poles of the battery, it is in a different state from what it 
was in before connection was made. It is then said to be con¬ 
ducting an electric curreniy and the direction of the current is from 
the positive to the negative pole of the battery along the wire. 

The Swimming Man Rule. —^The direction of the deflection 


“ft. 



H 





Fio. SOI.—Hydrogen 
voltameter. 
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of the needle in Oersted’s experiment is given by Ampere’s rule. 

//a man is szmmming in the wire in the directi<m of the curreni 
^oveihe needle, breast stroke, then the north pole is defected towards 
fits left hand. 



Fio, 502«—Swimming man rule. 



If the direction of the current is reversed, the direction of the 
deflection is reversed. If the wire is stretched below the needle 
instead of above it, the direction of the deflection is reversed. 

—> _ Hence if the wire is formed into a 

vertical rectangular coil, as in Fig. 503, 
and the needle placed at the centre, 
the effects of the lower sides of the 
rectangles reinforce the effects of the 
j ^ , upper sides. A coil of wire arranged 

like this used to be termed a galvanic multiplier or galvano- 
scope. 


n 


3 


Fio. 508.—Galvanic multiplier. 


Magnetic Field of Electric Current. —Since a wire carrying 
a current deflects a compass needle just as a magnet does. 
It has a magnetic field just as a magnet has, and this magnetic 
field can be plotted in the same way as the magnetic field of a 
bar magnet, namely, by placing a compass needle on a sheet of 
paper, making marks opposite its ends, shifting it so that the first 
end comes opposite the second mark, and so on. The simplest 
case is when the paper is pinned on a table, and the wire is a long 
vertical straight one passing through a 
hole in the table and carrying a very large 
current. In this case the lines of force are 
simply a series of concentric circles with 
their common centre in the point in which 
the wire intersects the plane of the paper. 

The lines of force can also be obtained 
by spreading iron filings on a plate of 
glass and tapping the glass, when the 
filings set themselves along the lines of 
force under the influence of the current. 

Fig. 504 represents lines of force obtained 
in this way; the black mark at the 

centre of the figure is the wire which is at right angles to the plane 
of Ihc diagram. 



Fio. 504.—-Magnetic lines 
of force due to a straight 
current. 
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The strengtli of the magnetic field at a given point due to a 
current is proportional to the strength of the current. It also 
depends on the distance of the point from the current. It can be 
shown by experiment, that if a wire of length I carrying a constant 
current is bent into an arc of a circle of radius r, the magnetic 
force at the centre of the circle is proportional to I and inversely 
proportional to r^. If we denote it by F, 



where C is the strength of the current and A; is a constant of pro¬ 
portionality. If the wire consists of one complete turn, i=2iTr, 
and 

^ 27rAC 

r 

Unit Current. —The above result is used to define vmit 
current: 

Unit current is such, that -when it Jloivs in an arc 1 cm. long of a 
circle of radium 1 cm., it acts on a unit magnetic 'pole placed at the 
centre of the circle with a force of 1 dyne. 

According to the definition, if C = l, f = l, and r=l, F = I. 
Hence A=l, and the expression for the force becomes 



The unit of current as defined above is known as the theoretical 
electromagnetic unit of current ; it is found to be rather large 
for practical use, so in practical work a unit one-tenth as large, 
called the ampere, is used instead. Other units of current are 
the milli-ampere and the micro-ampere, which are equal to 10^^ 
ampere and ampere respectively. 

Corresponding to the two principal units of current we have 
two electromagnetic units of quantity, the theoretical unit which 
is the quantity passing any point in a wire in one second when the 
theoretical unit of current is flowing in it, and the practical unit, 
called the coulomb, which is the quantity passing any point in a 
wire in one second, when a current of one ampere is flowing in it. 

The coulomb is equal to 3 XIO® electrostatic units of quantity, 
as defined on p. 481. 

Unit Electromotive Force. —Unit electromotive force is said 
to exist between two points in a wire, when work equal to one erg 
is done on unit quantity of electricity in moving it from the one 
point to the other point in the wire. 

In this definition the unit quantity is the theoretical unit, 
and the unit of electromotive force thus defined is the theoretical 
uni t. The latter is, however, found to be too small for practical 
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use, and instead of it a practical unit called the volt and equal to 
10® theoretical units is employed. 

It will be observed that electromotive force in current 
electricity is the same thing as difference of potential in eledtro- 
statics. The only difference between the definitions is, that in 
the one case the charge is moved along a wire and in the other case 
it is carried on a small body from the one point to the other. 

One electrostatic unit of difference of potential =^300 volts. 

Connection between Frictional and Current Electricity.— 

When a Leyden jar is discharged, electricity flows from the one 
coating to the other through the discharging tongs. In the same 
way when a Wimshurst machine is working, if the knobs on both 
sides of the spark gap are joined by a wire, electricity passes 
from the one knob to the other along the wire instead of passing in 
sparks. The question arises as to what constitutes the difference 
between the passage of electricity in these cases and the current 
produced by joining the terminals of a Leclanche cell by means of 
a wire. 

Exactly the same thing takes place in each case, only the 
numerical values of the quantities involved are different. If 
we represent difference of potential by difference of level, the 
electric current produced by the cell can be compared to a broad 
river flowing slowly and steadily with a fall of level of only a few 
feet per mile, while the current produced by joining the terminals 
of the Wimshurst machine is like a mountain torrent in which there 
is not much water, but the gradient of which may be 45®. The 
current produced by discharging the Leyden jar has the additional 
diflerence, that it lasts only for a very short time. 

As has been mentioned on p. 484, atoms contain as con¬ 
stituents small bodies charged with negative electricity known as 
electrons. When a current flows along a wire, the atoms remain 
stationary, but the electrons move, from the point at the lower 
to the point at the higher potential. If the electric current is 
to be compared to a current of water, to be strictly accurate it is 
the negative fluid that should move ; it has, however, become 
customary to consider the current as passing the other way and 
as consisting of a motion of positive electricity, and it is not 
desirable to attempt to change the convention. 

The maximum difference of potential of which the Leclanche cell 
is capable is about 1-5 volts. The smallest difference of potential 
that will affect an ordinary gold-leaf electroscope is about 100 volts. 

A rod of glass rubbed by silk may easily be excited up to some thousands 
of volts. The potential difference necessary to make a spark pass in 
air between two metal balls 1 cm. in diameter is 4800 volts when the 
surfaces are 1 mm. apart, and 26,700 volts when the surfaces are 1 cm. 
apart. 
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Theory of Tangent Galvanometer. —The tangent galvanometer 
is theoretically and historically the most important instrument 
for measuring electric current, although it fhids no commercial 
use nowadays. 

Let us suppose that a current C measured in theoretical units 
is flowing round a wire wound in the form of a circular coil of 
radius r and n turns, and that the plane of the coil is vertical and 
in the magnetic meridian. Let us suppose also, that a compass 
needle or small magnet of length and pole strength m is placed 
at the centre of the coil, and pivoted on an agate point, so that it 
is free to rotate about a vertical axis. Let Fig. 505 represent a 
section of the coil by a horizontal plane through 
its centre ; NS is the magnetic needle, TF the 
direction of the magnetic meridian— i.e. of the 
horizontal component of the earth’s magnetic 
field—and T and F are the points in which the 
coil intersects the plane of the diagram. 

When a current passes round the coil, forces 
are exerted on each of the poles in agreement 
with Oersted’s experiment. Fach of these 
forces is equal to 27rnCm/r, a part ^nCrnjr 
being due to each of the turns of the coil, and 
they are represented in direction and magnitude 
by the lines NA and SB. 

NA and SB constitute a couple tending to turn the magnet 
out of the plane of the meridian. Let the angle QON through 
which the magnet has already been deflected be denoted by d. 
Then QP=2Q0=20N cos d=2f cos and the magnitude of the 
deflecting couple is 

27mC7nQP 2,7mCm‘2l cos B 2rrnCM. cos B 



Fig. 505 


where M denotes the magnetic moment of the magnet. 

But it has been sho^vn on p. 458 that there is a restoring 
couple due to the earth’s field equal to 

HM sin B 

which tends to bring the magnet back into the meridian. Now 
as 9 increases, the restoring couple increases and the deflecting 
couple diminishes, until, when 6 is 90®, it has become zero. Con¬ 
sequently, there is always a position in which they balance one 
another ; this position is given by 

27rnCM cos B « 

- =IIM sin 9 


which becomes 


C = 


27Tn 


11 tan B 
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Thus the current is proportional to the tangent of the deflection; 
hence the name of the instrument. 

The fraction 27mjr depends only on the construction of the 
galvanometer and is known as the galvanometer constant. 
If it be denoted by G, the formula for the current becomes 

C = 5 tan $ 


Tangent Galvanometer. —^Fig. 506 represents a tangent 
galvanometer. A long thin pointer is attached at right angles 
to the compass needle, and its ends move over a scale graduated 

in degrees. The vertical circle 
carries the coils, of which in 
the case of the instrument 
depicted there are three, one 
of 2 turns of thick wire, one 
of 50 turns of thinner wire, 
and one of 500 turns of 
thinner wire still. The ter¬ 
minals of the coils are visible 
on the front of the instrument. 
Which coil should be used 
depends on the strength of 
the current to be measured ; 
it is obvious from the formula 
that if C is small, in order to 
get a large deflection n should 
be as large as possible. 

Before using the galvano¬ 
meter it must first be levelled. 
Then the dial must be turned 
until the 90® marks lie in the 
plane of the coil. The gal¬ 
vanometer itself must next be rotated until the ends of the 
pointer are at the 0® marks on the dial ; the coil is then in the 
magnetic meridian. This is an important adjustment, and must 
be verified by sending a current through the galvanometer and 
reversing its direction ; the magnitude of the deflection should 
then be the same both ways. If it is not, the adjustment should 
be repeated until it is. 

The fraction by which the tangent of the deflection must 
be multiplied to give the current in amperes is called the reduction 
factor of the galvanometer. If it is denoted by k we have 

C (in amperes) tan 0 



Fio. 500.—Tangent galvanometer. 




lOr 

27m 



Hence 
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Sine Galvanometer.—If the coil of a tangent galvanometer is 
mounted, so that it can be rotated about a vertical axis, and the angle 
through which it is rotated can be read off on a scale, the current can 
be measured in a manner different from that described on the preceding 
page. The coil is first set in the magnetic meridian and the current 
passed. The coil is then rotated until the needle lies again in its plane 
and 0, the angle of rotation, read. The restoring couple is IIAI sin 0 
as before, but the deflecting forces are now at right angles to the needle, 
so the deflecting couple is 

27rnCM 

r 

On equating the two couples we obtain 

C= JLHsin © 

27m 

Thus the current is proportional to the sine of the deflection. When 
used in this manner the instrument is called a sine galvanometer. 

Thomson’s Mirror Galvanometer. —^The tangent galvano¬ 
meter shown in Fig. 506 is not very sensitive. If we make the 
pointer longer in order to read smaller angles, it becomes liable to 
bend and heavy to turn, so nothing is gained by proceeding in 
this direction. The formula for the current is 

TT 

C = ^ tan 6 

where G is 27m/r. If the instrument is to be sensitive, that is, 
give large values of 6 and tan 0 for small values of C, H/G must be 
small. Now H/G varies with r and is quite independent of the 
size of the magnet which does not enter into the formula at all. 
Consequently we shall increase the sensitiveness by making r and 
the magnet small. 

Guided by these considerations Thomson, afterwards Lord 
Kelvin, introduced a type of tangent galvanometer of which there 
have been many different forms. The needle of this instrument 
is very short, is rigidly fixed to the back of a small light concave 
mirror, and is suspended by a silk fibre at the centre of a vertical 
coil of very small diameter. A horizontal scale is placed in front 
of the mirror at about a distance of one metre from it, and behind 
this scale is placed a lamp which throws a beam of light upon the 
mirror. The mirror reflects it back to form an image upon the 
scale. When the magnet is rotated, the reflected beam is rotated 
and the image moves along the scale, its displacement being 
proportional to the angle of rotation of the magnet. The beam of 
light thus forms a long, massless, imbendable pointer. 

^ A control magnet is provided which can be fixed at different 
heights above the coil, and can be turned in different directions. 
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When this is low down, its field overpowers the earth’s field, and 
by rotating it tlic zero of the spot of light can be brought to/any 
desired position on the scale. 

The control magnet can also be set in such a position as to 
almost completely neutralise the earth’s field. The restoring 
couple then becomes ve^ small, a small current produces a large 
deflection, and the sensitiveness of the instrument becomes very 
great. When adjusting for maximum sensitiveness in this 
manner, the observer notes the period of oscillation of the image 
on the scale ; the greater the period, the weaker the field intensity, 
and the greater the sensitiveness of the instrument. 

The control magnet has also another use. One defect of the 
tangent galvanometer is that the earth’s field may vary during 
the course of the measurements owing perhaps to a current in a 
lighting circuit below the table or to some similar cause. This 
would make the readings unreliable. But by bringing the control 
magnet close down, such accidental variations can be swamped and 
consistency obtained at, of course, the expense of sensitiveness. 

Fig. 507 represents one type of 
Thomson mirror galvanometer. There 
are two coils, one of which can be 
folded down to give access to the 
mirror and magnet; the control magnet 
slides on the vertical rod. The sensi¬ 
tiveness or sensitivity of thig instrument 
varies from 7 to 70 cm. per micro-amp. 
according to the number of turns in 
the coil, when the scale is at a distance 
of one metre from the mirror. The 
scale can be read to ^ mm., so the 
lower value means that a current of 
^ X f micro-amp. or about 7 x 10"» 
amp. could just be detected by the 
instrument. The silk fibre suspension 
has the advantage that it eliminates 
friction and torsion, but the disadvan¬ 
tage that it is easily broken ; an instru¬ 
ment with a silk fibre suspension is no 
Fio. 507.—Thomsongalvano- longer “fool-proof.” 

While Thomson’s mirror galvano¬ 
meter obeys the tangent law, the deflections used are generally 
so small that the tangent can be regarded as proportional to the 
angle itself. 

A distinction is made between zero instruments, that is, instru¬ 
ments which are only required to indicate the presence and 
direction of a current, and instruments used for measuring the 
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magnitude of currents. The former do not require to be so 
accurate as the latter. 


Astatic Galvanometer.—Fig. 608 represents two needles of nearly 
equal magnetic moments Mj and Mj fixed together with their axes 
parallel but pointing in opposite directions, and suspended by a fibre 
PQ,so that they can rotate about a vertical axis. Such a system has 
been described on p. 461 ; the restoring couple on it is H(1VI, —Mg) sin 6. 
If, however, each magnet is provided with its own coil, and a current 
runs round the two coils in opposite directions as shown by the arrows, 
the magnets are similarly placed with regard to the current though 
differently placed with regard to the earth's field. Consequently, the 
deflecting couples reinforce one another giving a total of 

27rnC(MtH-Mg) cos 0 

T 


and the system comes to rest in the position given by 

r M,—Mg 


C»= 


H tan B 


27m Ml + Ma 

As compared with an ordinary tangent galvanometer the sensitiveness 
has been increased in the ratio Mj-f-Mg to M|—Mg, which can be made 



Fio. 508.—Illustrating the 
astatic galvanometer. 



Fio. 509.—Magnetic field 
due to a circular coil. 


very great by making M, almost equal to Mj, Such an arrangement 
is called an astatic galvanometer. 


Solenoid.—Fig, 509 represents the lines of force due to a current 
flow'ing in a circular coil, for a plane at right angles to the coil 
through its centre. A and B are the sections of the coil by the 
plane of the diagram. It follows from the swimming man rule 
that the current flows upwards at A and do'wnwards at B. The 
lines of force are closed curves encircling the current. The dia¬ 
gram represents only the lines of force due to the coil. The field 
obtained in any actual case will be the resultant of this and the 
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earth’s fields unless the current is so strong as to make the earth’s 
contribution to the resultant negligible. 

Fig, 510 represents a piece of tubing upon which insulated 
wire has been wound, always in the same direction, from the one 

end to the other. Such a coil of 
wire is called a solenoid. Fig. 511 
represents the lines of force of the 
solenoid for the case of a plane 
through its axis. The black discs 
are sections of the wire by the 
plane of the diagram. Each of the turns of the solenoid taken 
by itself gives a diagram similar to Fig. 509, and these separate 
diagrams taken together compound into Fig. 511. Each line of 
force m Fig. 511 encircles every turn of the coil, and inside the 
solenoid the lines of force are parallel, equidistant, straight lines, 
showing that the field inside the solenoid is uniform and parallel 
to the axis. Outside the solenoid the lines of force have the same 
distribution as for a bar magnet, and if, as viewed from an end of 
the solenoid, the current goes round the coil in an anti-clockwise 
direction, that end corresponds to the north pole of the bar magnet. 
This follows from the swimming man rule. 

Electromagnet.—If the solenoid has a large number of turns 
and carries a large current, the field inside it may be very intense. 
If a bar of Soft iron or of steel is then placed inside the solenoid, 
it becomes magnetised, just as it would be magnetised by the field 
of a permanent magnet. When the current is cut off, the soft 



Fio. 510.—Solenoid. 




Fio. 611 .—Magnetic Oeld due to a solenoid. Fio. 512.—Electromagnet. 


iron loses its magnetism but the steel retains its magnetism ; 
it is by means of a solenoid that permanent magnets are made. 

Fig. 512 represents an electromagnet consisting of cylindrical 
iron cores bolted to a soft iron base and provided with pole pieces; 
each core has its own magnetising coil, and the current must, of 
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course, go round both coils the same way. When the current 
is cut off, the magnet loses nearly all its magnetism. This may 
be shown by allowing nails and other pieces of iron to attract 
themselves to the pole pieces ; when the current stops, these all 
fall down. When the current is reversed, the poles are reversed. 
An electromagnet gives more intense and uniform fields than an 
ordinary magnet. 


Exa.mpi.es VI 

1. If a penny is lying on the table tails up, and a current is flowing 
round its edge from Britannia’s trident to her helmet, will a north pole 
placed at the centre of the penny be raised or lowered by the action 
of the current ? 

2. Find in amperes the strength of a current which produces a 
deflection of 45® in a tangent galvanometer with a single turn of wire 
of 8 cm. radius, given that H=0-17 c.g.s. unit. 

3. A current of 0*72 amp. flows through a tangent galvanometer 
consisting of S turns of wire each of 30 cm. diameter. What is the 
field strength at the centre of the coil due to the current, and through 
what angle is the needle deflected, given that I-I=0'17 c.g.s. unit ? 

4. Compare the strengths of the fields produced at the centres of 
a coil of 10 turns and 6 cm. radius and a coil of 20 turns and 9 cm. 
radius, when the same current is passing through both. 

6. What is meant by the constant and the reduction factor of a 
tangent galvanometer ? A tangent galvanometer has a coil of 50 
turns each of 10 cm. radius. Calculate the constant and the reduction 
factor for a place where H=0*18 c.g.s. imit. 

6. A tangent galvanometer is set up with the plane of its coil at 
right angles to the meridian, and the period of the needle noted when 
no current is flowing. A steady current is then passed through the 
instrument, and the period is increased 40 per cent. How is the period 
affected when this current is reversed ? 
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Resistance of a Conductor. —If the poles of a ceU are connected 
by a great length of copper wire and then the copper wire 
IS replaced by an equal length of iron wire of the same diameter 
It IS fo^d that the current in the second case is less than in the 
first. The same E.M.F. produces a smaller current in the iron 
wire than in the copper wire. The wires therefore offer a resistance 

iron wire is greater than 

the resistance of the copper one. 

Ohm s Law. Let us suppose that a cell is connected in series 
with a long wne and a galvanometer, and that a current is passed. 
Ihen replace the cell by two cells in series, each of the same kind 
as the first. The E.M.F. is consequently doubled, and it is found 
that the current is doubled. If the cell is replaced by three cells 
the current is trebled. The result holds not only for a complete 
circuit but also for part of a circuit; if the potential difference 
between two pomts on a wire is measured by a quadrant electro¬ 
meter, and if the current through the wire is measured by a 
galvanometer, it is found that the current and the E.M.F. increase 
m the same ratio. It is customary to regard the E.M.F. as the 
cause of the current. 

The results of these and similar experiments are summed up 
in the followmg law announced by Ohm in 1826 : 

Fora given conductor the ratio of the potential difference beUveen 
Its ends to the current flowing in it is constant as long as the physical 
state of the conductor remains the same. 

Thus if E is the potential difference between the ends of a 
conductor and C the current flowing in it, and if there are no 
changes of state such as change of temperature, then by Ohm’s 
law 


E 

^ =a constant, R. 


The equation may also be written E=CR. R is defined to be 
the resistance or electrical resistance of the conductor. 

618 



ohm’s law 


617 

Unit R6SistAnC6.—A conductor is said to have unit resist* 
ance when unit E.M.F. or unit potential difference produces unit 
curr^t in it. The unit of resistance on the practical system is 
called the ohm ; a conductor has a resistance of one ohm when a 
potential difference of one volt between its ends produces a current 
of one ampere. There is also a theoretical unit of resistance 
corresponding to the theoretical units of potential difference and 
current. 

example, the E.M.F, of a cell is 1'4>5 volts and it produces 
a current of 0*112 amp., the total resistance of the circuit is 
1*45/0*112 = 12*9 ohms. The E.M.F. is 1*45 x 108 in theoretical 
units and the current is 0*0112 in theoretical units. Hence the 
resistance is 1*45 x 108/0*0112 = 12*9 x 10® theoretical units. 
Consequently, the ohm is equal to 10» theoretical electroma^rnetic 
units of resistance. 

It is found as the result of experiment, that the resistance of 
a wire varies directly as its length and inversely as the area of its 
cross-scction. This result may be put in the form of an equation 



a 


where l is the length of the wire, a the area of its cross-section, 
and k & factor depending on the nature of the material of which 
the wire is made, k is defined as the specific resistance of the 
material of the wire and is measured in ohm-cm. In the case of 
metals it increases with the temperature. The specific resistance 
can also be defined as the resistance of a cube of the substance of 

1 cm. edge to .a current flowing through it parallel to one of the 
edges. 

The reciprocal of the resistance of a wire is called its con- 
dactance, and the reciprocal of the specific resistance of a material 
is called its specific conductivity. 

Illustration of Ohm’s Law.—The flow of electricity along a 
wire IS often compared to the flow of water along a tube. Ohm’s law 
can be illustrated by fltting a piece of capillary tubing into the side of 
a vessel containing water. The tube is horizontal. The pressure at 
the end inside the vessel is atmospheric pressure plus the pressure due 
to the height of the water surface above the level of the tube. The 
pressure at the other end is atmospheric. Hence the difference of 
pressure at the two ends of the tube, which corresponds to potential 
difference, is proportional to the height of the water surface above the 
tube. The quantity of water which flows through the tube per second 
corresponds to the current. It will be found, if the experiment is 
performed, that the pressure difference is proportional to the quantity 
of water per second, in analogy with Ohm’s law, but only f<‘r capillary 
tubes. If the tube is wider, the Jaw does not hold. 
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^®sistance of Three Wires in Series.—When three wires 
MN, NP, and PQ are connected as shown in Pig, 518, they are 

said to be arranged in series. 
Let their resistances be respec¬ 
tively Ri, Rg, and Rg, and let 
the potential differences be* 
tween theirends be respectively 
El, Eg, and Eg. The same current must flow in each of them, 
otherwise there would be an accumulation of electricity at the 
junctions. Denote it by C. By Ohm’s law 


Fio. 513.—Three wires in series. 


R,= 


% 
C ’ 


p _Eg 

— -Q y 


T> _Es 

Rg-^ 


Then by definition R, the resistance of the whole system, is giiven 
by 

P _ El+Eg+Eg _El Eg Eg 

— c — 


—Ri +R2 +R3 

The case of any other number of wires can be treated similarly. 
Thus 

The resistance of a number of conductors in series is equal to the 
sum of their 'separate resistances. 

Resistance of Three Wires in Parallel. —When three wires 
MPN, MQN, and MSN are 
connected as shown in Fig. 

614, they are said to be 
arranged in parallel or in 
multiple arc. Let the re¬ 
sistances of the wires and 
the currents in them be 
denoted by Ri, Rg, Rg, and 
Cl, Cg, C 3 , respectively. Let C be the resultant current flowing 
in at M and out at N ; then 



Fio. 514.—Three wires in parallel. 


C =Ci -f-Cg -f-Cg 

Let E be the difference of potential between and N. Then 

n _ ^ r'_^ r -^ 

Consequently C = ^ ^—h 

1\i Rg Rg 

Let R be the equivalent resistance of the system, that is, the 
resistance of the single wire which rriain tains C and E unaltered 
when substituted for the three wires. Then by definition 

R 


OKM'S LAW 
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Thus, substituting above. 


and 


E_ E E , E 

R Ri'^Ra'^Rs 



The case of any number of wires can be treated similarly. Thus : 

The reciprocal of the equivalent resistance of a system of con^ 
ductors in parallel is equal to the sum of the reciprocals of the 
separate resistances. 

Shunts.—Fig. 515 represents a current which divides at the 
point A, part flowing through 
a galvanometer the resist¬ 
ance of which together with 
its connecting wires is G, 
and part flowing through a 
wire of resistance S, to unite 
again at B. Let E be the 
potential, difference between 
A and B, let Co be the part of the current flowing through the 
galvanometer, let Cs be the other part, and let C be the whole 
current. By Ohm’s law 

E=CgG=CsS 

Cs _G 

Co ” S 

that is, the currents in the conductors are inversely proportional 
to their resistances. 


O 

Fio. 515.—A shunted galvanometer. 


Hence 


Hence 


C =Cg -i-Ca =Ca -i-1 Co = Co 


Ca = 


G4-S 

Let us suppose now that S= 5 G. Then Co=yoC, that is, only 
one-tenth of the original current passes through the galvanometer. 
If S had been equal to eVG, only one-hundredth of the original 
current would have passed through the galvanometer. In these 
eases the galvanometer is said to be shunted by the resistance S, 
and S in its turn is said to be a shunt across the terminals of the 
galvanometer. The effect of shunting a galvanometer is to increase 
the range of the instrument and make it available for measuring 
large currents. Suppose, for example, its resistance is 1 ohm 
and it reads currents up to ampere ; by employing sliurits of 
i ohm and ohm the range can be increased to 1 ampere and 
10 amperes respectively. 

Ohm’s Law applied to a Complete Circuit.— Fig. 516 

represents a circuit composed of a cell of internal resistance 
B, a coil of resistance R, and a galvanometer of resistance G. Let 
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E be the electromotive force of the cell. Then by Ohm’s law 
the current in the circuit is given by 

C- E 

B-i-R+G 

R-4*G is referred to as the external resistance in the circuit. By 
Ohm s law the E.M.F. between the termmals of the cell is 


(R+G)C = 


E(RH-G) 

B+R+G 


and this is less than E» imless the resistance of the cell can be 
neglected in comparison with R-fG. 

E is said to be the E.M.F. of the cell “on open circuit,” 
i.e. when no current is flowing. It is the difference in potential 
between its terminals that would be read in this case by a quadrant 
electrometer or similar instrument. The method of proving 
Ohm’s law by substituting two and three cells for the original 
cell in the circuit, which was described on p. 516, assumes that 



parallel. 


the resistance of the cells is small in comparison with the other 
resistance in the circuit. 

Cells in Series and in Parallel. —^Let us suppose that we 
have n cells of electromotive force E and internal resistance B, 
and that they are connected in series with an external resistance 
R. Fig. 617 represents the arrangement; the positive terminal 
of the one cell is connected to the negative terminal of the next. 
The E.M.F. of the battery is the sum of the E.M.F.*s of the separate 
cells, and the resistance of the battery is the sum of the separate 
resistances. Thus by Ohm’s law the current is given by 


R+nB 

If, on the other hand, the n cells are arranged in parallel as 
shown in Fig. 518, with their positive terminals connected together 
and their negative terminals connected together, then the E.M.F. 
of the battery is simply equal to that of one of the single cells« and 
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the equivalent resistance of the battery is B/n, according to the 
ordinary formula for the resistance of conductors in parallel. 
Hence the current in the circuit is given by 



£ n£ 

B-nR+B 

n 


Arrangement of Cells to produce Maximum Current.—Which of 
the two arrangements^ series or parallel, sends the larger current 
through a given external resistance, obviously depends on which of 
the denominators of the above expressions is greater. If R-f-nB is 
greater than nR+B, t.c. if B is greater than R, a larger current will be 
obtained by connecting the cells in parallel. 

Let us suppose that instead of n cells we have n rows each con¬ 
taining m cells, the cells in each row being connected in series, and 
that all the n rows are connected in parallel, and joined to an external 
resistance, R. The E.M.F. of a row is mE and its resistance mB. 
The equivalent resistance of the n rows is mU/n. Hence the current 
is given by 

^_ mE _ mnE 

„ mB nR+mB 

K - 

n 

Let us suppose that mn, the number of cells, is given, but that m and 
n are variable, i,e. the manner in which the cells can be arranged 
in rows is at our disposal. Then the current is largest when the 
denominator is a minimum. Now 

nR+mB =( V nR— \/mB)*+2 VmnRB 

The last term is constant. Consequently, the current is largest when the 
square is a minimum. But the square cannot be negative. Hence 
C is a maximum when 

( VnR — VmB)*=0 

».€. when nR=mB or R=s- 

n 

But mB/n is the equivalent internal resistance of the battery. 
Hence the current in the circuit is a maximum when the cells are arranged 
in such a way, that their equivalent internal resistance is as nearly 
equal as possible to the external resistance in the circuit. 


KirchhoCf*S Laws.—Kirchhoff’s laws are two rules for solving 
problems on branching networks of wires in whicli currents 
are flowing. They give no information beyond what is already 
to be found in this chapter, but they state the fact that electricity 
does not accumulate at the junctions and enunciate Ohm’s law 
in a form very convenient for application. They are ; 

(1) In any network of wires the algebraic sum of all the currents 
which meet at a point is zero, or 

2:c=o 

s 
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(2) The electromotive force acting round any closed circuit 
is found by multiplying the resistance of each portion of the 
circuit by the current which flows in it, and adding the products 
thus obtained, or 

-27E=^(CR) 




Ct 



Example on KirchhofT*s Laws.—Two batteries of E.M.F.’s and 

G 2 &ud resistances and B 2 are connected 
in parallel so as to send currents in the same 
direction through an external resistance R 
(Fig, 510). Find the total current in the 
^ external resistance. 

Let C be the current in the resistance R, Cj 
the current in the branch containing and 
Cs the current in the branch containing G,. 
Then by Kirchhoff's first law 

C =Cj +C 2 
By Kirchhoff's second law 

E,=CiB,+CR and Ga=C 2 Bj + CR 

These equations may be written 




Fxg. 510. 


C,- 


E,—CR 


and 




B, 


which give on substitution in the first law 


^ E,-CR . E,-CR 


<-bV 


R\ E 
B-/ F 


. E 

Bi *^6 


2 


2 


and 


C= EiBg-f-GtBt 


B^B.+RiBi + Ba) 


Work done by a Current. —It follows from the definition of 
electromotive force, that if Q theoretical electromagnetic units 
of electricity are raised through a potential difference of E 
theoretical electromagnetic units, the work done is EQ ergs. 
Now the coulomb, the practical unit of quantity, is of the 
theoretical unit and the volt is 10® theoretical units. Con¬ 
sequently, the work done in raising one coulomb through one volt 
or allowing it to fall through one volt is 

^X10® = 10^ ergs. 

This quantity is taken as the practical unit of work or energy, 
and is known as the joule. 

'The jottlc is the work done u'hcn one coulomb is moved through C 
potential difference of one voU» 
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Activity or power is the rate of doing work. There is a special 
unit of activity used in electricity known as the watt. 

The wait is the rate of working of one joule per second. 

The watt as unit is found to be too small for engineering 
practice, and the kilowatt or 1000 watts is used instead. When 
power is expended in a circuit at the rate of one kilowatt for an 
hour, the energy consumed is known as the kilowatt hour or 
Board of Trade unit. When the price of electricity is stated, for 
example, as being 6d. per unit for lighting and id. per unit for 
heating, it is the kilowatt hour that is referred to. 

BxAMPr.B.—A 16 -candle-power carbon lamp is run off a 250-voll 
circuit and takes 0-22 amp. Find how much energy it consumes in 
an hour. 

Bate of working =250 xO'22 watts =0*055 kilowatt. 

Bnergy consumed per hour=0*065 kilowatt hour. 


Joule’s Law. —When a battery of electromotive force E 
maintains a current C in a circuit for time a quantity of electricity 
Ct falls through a potential difference E, and consequently work 
ECf is done in the circuit. This work can be used for running a 
motor, if there is one in the circuit, but if the terminals of the 
battery are simply joined by a wire, it is 
converted into heat in the wire. 

We have 

ECf = CCR)Cf =C2R/ 

Thus the heat produced in the circuit 
is proportional to the resistance, to the 
time, and to the square of the current. 

This result was obtained first by Joule, 
and is known as Joule’s law. When 
C, R, and t are measured in amperes, 
ohms, and seconds, the heat evolved is 
given in joules, the practical unit of work. 

One joule equals 10“^ ergs and one calorie 
equals 4*2x10^ ergs. Hence one calorie 
equals 4*2 joules, and 

C2R/ 

Heat evolved = ■ calories. 


4*2 

When the terminals of a battery are fjq 520 . _ Calorimeter 

joined by a wire of small resistance, it for verifying Joule’s law. 
may be felt by the fingers to grow warm, 

and under certain circumstances may become red hot and bum 
through. It is the function of the fuses included in electric 
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lighting circuits to bum through and break the circuit, if an 
excessive cument passes. They consist of a wire of low melting 
point, the diameter and consequently the resistance of which is 

so chosen, that the wire melts through whenever a particular 
current is exceeded. 

Experimental Verification of Joule’s Law. — Fig. 5m 

represents a calorimeter used for verifying Joule’s law^^^^m 
carrying out the experiment the inner vessel is filled morei&ian 
half full with water, the temperature noted, and a battery and 
galvanometer, or other instrument for measuring the current, 
connected in series with the terminals. After the current has 
been run for a measured interval of time, it is broken, the tempera¬ 
ture again noted, and the amount of heat evolved calculated 
from the mass of the water, the water equivalent of the calorimeter, 
and the rise of temperature. It is also calculated by the formula 
C2R//4-2, where C is the current and R is the resistance of the 
heating coil. . The two results should agree. 


Exampuss VII 



1. A 16-candle-power carbon glow lamp takes a current of 0-22 
amp. when run off a 250-volt lighting circuit. What is its resistance 
when in use ? (In the case of carbon the resistance decreases as the 
temperature increases.) 

2. *^0 flash-lamp bulbs are marked 2-5 V 0*3 A and 3-5 V 0-3 A 
respectively. If the V stands for volts, and the A for amperes, what 
are the resistances of these two bulbs when lit up ? 

3. The resistance of a bobbin of wire is measured, and found to be 
52*7 ohms ; a portion 121 cm. long is cut off, and its resistance is found 
to be 0-40 ohm. What was originally the total length of wire on the 
bobbin ? 

4. One end A of a wire ABC is connected to earth, and the other 
is maintained at a potential of 1'48 volts by connecting it to the pole 
of a battery, the other pole of which is earthed. If the resistance of 
AB IS 10 ohms and the resistance of BC 5 ohms. And the current in 
the'wire and the potential of B. 

5. The specific resistance of platinum is 110xl0-« ohm-cm. at 
18® C. Calculate the resistance of a platinum wire 1 metre long and 
J mm. diameter at this temperature. 

6. The specific resistance of platinum can be represented by the 
formula 


R=Ro(H-a/) 


where Rg is the resistance at 0° C., t the temperature in degrees Centi¬ 
grade, and a =0-0035. If the resistance of a platinum wire is 100 
ohms at O® C,, what is it at 15® C. ? 
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7. The specific resistance of platinum is 6 times as great as the 
specific resistance of copper. What is the ratio of the resistance of 
a platinum wire -J- mm. diameter and 328 cm. long to the resistance 
of a copper wire 0-42 mm. diameter and 10 metres long ? 

8. Two wires of resistances lO and 20 ohms respectively are arranged 
in parallel. What is their equivalent resistance ? 

9. Two points are connected by a wire the resistance of which U 
10-78 ohms. What resistance must be arranged in parallel with this 
wire in order to make the resistance of the combination exactly equal 
to 10 ohms ? 

10. A galvanometer which has a resistance of 1 ohm is suitable 
for a range of 0 to A amp. What is the resistance of the shimt which 
must be employed to make it suitable for the range 0 to J amp. ? 

11. Three cells, X, Y, and Z, the E.M.F.’s and resistances of which 
are as follows : 

X Y Z 

E.M.F. 107 1*50 2-00 volts 

Hesistance 4 0-4 0-3 ohms 

are connected in series through a resistance of 83 ohms. Find the 
current ; find also the current when the cell Z is reversed. 

12. If the first two cells described in the preceding example are 
connected in parallel so as to act in the same direction, find the current 
which they maintain through the same external resistance. 

13. If the three cells described in ex. 11 are connected in parallel 
so as to act in the same direction, find the current which they maintain 
through an external resistance of 50 ohms. 

14. A current from a battery is flowing through an external circuit 
which has a resistance 0 times that of the battery. In what ratio does 
the current increase when the value of the external resistance is halved ? 

15. A cell, which has an E.M.F. on open circuit of 1-46 volts, and 
the internal resistance of which is 2 ohms, has its terminals joined by 
two wires of 4 and 10 ohms placed in parallel. Find the current in 
each wire. 

16. A battery has an E.M.F. of 15 volts and an internal resistance 
of 5 ohms. Its terminals are connected by a wire, and it is found 
that, when the circuit is closed, the difference of potential between 
the ends of the wire is 12 volts. Calculate, in calories per minute, 
the rate at which heat is being produced in the wire. 

17. A wire of 3 ohms resistance is immersed in 60 grams of water 
in a calorimeter of water equivalent 6 grams, and a current of 4 amps, 
passed for 5 mins. Find the rise in temperature of the water. 

18. A wire of 2-5 ohms resistance is immersed in 55 grams of water 
in a calorimeter of water equivalent 6 grams, and a current of 0-5 amp. 
passed for 10 mins. Find the rise in temperature produced. 

19. If a Leclanch^ cell working at 1-46 volts gives a current of 1 

ftinp., what is its rate of expenditure in watts ? ^Vhat is this etjuivalent 
to in H.P.? 1 H.P.=33,000 ft.-Ib. per min., 1 ft.=-30 48 cm., and 

llb.=453 0 gm. 

20. A desk electric fan makes 1400 revolutions per minute, and 
takes 45 watts. Given that the kilowatt hour costs Id., what is the 
expense of ru nnin g it for one hour ? 
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21 . Calculate the resistance of a 260-volt 40-watt lamp. 

22. When a current of amp. is passed through a platinum wire its 
temperature keeps 1® C. above that of surrounding objects. Assuming 
that the loss of heat is proportional to the difference in temperaturci 
calculate the temperature of the wire when a current of ^ amp. is passed 
through it. The variation of the resistance of the wire with temperature 
is to be disregarded. 


CHAPTER Vin 


MEASUREMENT OF RESISTANCE AND ELECTROMOTIVE FORCR 

Resistance Box. —It is sometimes necessary to vary the resist¬ 
ance in an electric circuit. Different types of apparatus are 
employed for this purpose according to the size of the current 
used. When the current is small, a resistance box of the type 
shown in Fig. 521 is employed. The wires are connected to the 



Fig. 521.—A resistance box. 


binding screws on the left. The box has a vulcanite top on which 
are fixed fourteen brass blocks connected by thirteen brass plugs 
with vulcanite handles. When all the plugs are in position, the 
current simply flows through the blocks and plugs 
from the one terminal to the other, and, since 
the cross-sectional area of the blocks is large, the 
resistance is practically zero. 

But if a plug is out (c/. Fig. 522), the current 
can pass from the one block to the other only 
through a long insulated wire which is doubled 
on itself at the middle so as to get rid of in¬ 
duction effects, and is then wound in a coil on a 
bobbin inside the box. The lengths of the wires arc adjusted, so 
that their resistances are exact numbers of ohms, in tlie case of 

627 




528 


BliECTRICITY AND MAGNETISM 


the box depicted 1, 2, 2» 5, 10, 20, 20, 50, 100, 200, 200, 500. 
Thus the box gives any whole number of ohms up to 1110. The 
end plug gives an infinite resistance, Le. the end blocks are not 
joined by a coil inside the box. 



Fia. 523.—Adjustable resistance. 


For larger currents, 1—10 amp., an uncovered wire with a high 
specific resistance is used, which is wound firmly on a slate cylinder, 

_ X as shown in Fig. 523. The 

neighbouring turns of the 
wire do not touch one 
another. The two termi¬ 
nals shown in front are 
connected to the ends of 
the wire. A sliding piece 
on the top bar makes 
contact with the wire on the cylinder. The circuit is connected 
to the top bar and one of the front terminals ; the length of the 
wire on the cylinder through which the current flows, and 
consequently the resistance, can then be altered by moving the 
sliding contact. 

For still higher currents the wires are wound on an open frame. 
A variable resistance for high currents is called a rheostat. 

Keys, CommutEtors. —In carrying out electrical experiments 
it is often necessary to make or break an electric current, or to 
reverse the direction of a current through a galvanometer. Special 
pieces of apparatus are used for this purpose, since it would be in¬ 
convenient to be continually connecting and disconnecting the 


wires. 

Figs. 524 and 525 represent respectively a tapping key and a 
one-way plug switch used for making and breaking a current. 
In the case of the tapping key the stud is connected below the 



Fio. 524.—Tapping key. 



Fig. 525.—One-way plug switch. 


wood witli the terminal on the right, and contact is made only 
as long as the key is pressed down ; when the finger is withdra^vn, 
the metal strip springs up, and the current is broken. The plug 
switch IS used when the current has to flow for a longer time. 

Fig. 526 represents a four-way plug switch which* is useful fox 
several purposes. \^^hen employed for reversing a current through 
a galvanometer, the galvanometer is connected to two opposite 
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terminals and the battery to the other two ; then when the plugs 
are inserted in two opposite holes, the current flows one way, and 
when they are inserted in the other two holes, it flows the other. 

Fig. 527 represents Pohl’s commutator, which is used principally 
for rapidly reversing a current through a circuit. It consists of 



Fio. 526.—Four-way plug switch. Fio. 527.—Pohl’s commutator. 


six mercury cups on a vulcanite base, each provided with its own 
binding screw. One pair is connected by a copper strip, and 
another pair is also connected by a copper strip which is bent up 
in order to avoid contact with the first. The wire frame rocks 
from the position in which the two back legs make contact with 
the mercury to the position in which the two front legs make 
contact. The battery is connected to the two front terminals 
and the circuit to the end terminals ; the current is reversed by 
tipping the rocker over. 

Measurement of Resistance by Substitution. —This is the 

simplest method of measuring an unknown resistance.i» It is repre¬ 
sented in Fig. 528 ; x is the unknown 
resistance, R a resistance box, and K 
a two-way key. The current is first 
directed through x and the deflection 
of the galvanometer G noted ; it is 
next directed through R, and the 
resistance adjusted by taking out 
plugs until the deflection is again the 
same. The resistance in the box is 
then equal to the unknown resist¬ 
ance. 

This method requires that the unknown resistance should fail 
within the range of the box, and that the galvanometer should be 
an accurate one. Consequently, for general use another method, 
the method of Wheatstone’s bridge, is preferred ; this is applicable 
to a resistance of any magnitude and has also the advantage of 
being a null method, i.e. the apparatus is adjusted, until the 
deflection of the galvanometer is zero. The galvanometer lias 
merely to indicate the presence of a current, and thus does not 
require to be so constant in its readings. ^ 


sc 



Fig. 528.—Measurement of 
resistance by substitutiou 
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Wheatstone’s Bridge. —^The diamond>shaped system of con¬ 
ductors AHDF shown in Fig. 529, with two opposite comers H 
and F connected through a galvanometer G and a contact key A:, 
and the other two corners A and D connected through a cell B 

and a contact key K, is called Wheat¬ 
stone’s bridge. 

Let us suppose that the key K is 
pressed down. Then a current flows 
from the battery in the direction indi¬ 
cated by the arrow, and divides at D 
into two parts, one part of strength Ci 
which flows along DH, and the other 
part of strength whdch flows along 
DF. The two currents Ci and C 2 unite 
again at A, and flow back to the battery. Let us suppose that 
the points H and F are exactly at the same potential ; then, if 
the key A; is pressed down, no current will flow from F to H. 

Let Ri, R 2 , R 3 , and a be respectively the resistances of the 
branches AH, AJP, FD, and HD, let Ei be the potential difference 
between D and H or D and F, and let E 2 be the potential difference 
between F and A or H and A. Then, by Ohm’s law, 

Ej ==Ciir ~C2R3 

and E 2 =CiRi=C 2 R 2 



Fig. 529.—Wheatstone’s 
bridge. 


This gives ^ = whence 

Hence the resistance a? can be calculated, if either of the adjacent 
resistances Rj or R 3 and the ratio of the other two resistances is 
known.! 

Wire Bridge. —^The wire bridge is a special form of Wheat¬ 
stone’s bridge. One is shown in Fig. 530 and represented in plan 



in Fig. 581. AD is a straight uncovered wire of uniform crcss- 
sectional area and high specific resistance. The thick black line* 
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are copper strips of negligible resistance ; Ri is a known resistance 
of constant amount and x an unknown resistance, both attached 
to the copper strips by 
binding screws. G is a 
galvanometer connected to 
a binding screw at H and 
to a sliding contact at F. 

A and D are connected to a 
battery B and key X. 

Corresponding points in 
Figs'. 529 and 531 have the 
same letter, so that A, H, D, and F are the corners of the 
diamond, and the ratio of FT) to AF gives the ratio of II 3 to R 2 , 
since the resistance of the wire is proportional to its length. FD 
and AF can be read off on the scale. In order to determine the 
resistance x we have consequently only to press the key K, and 
move the contact F along the wire until a point is found for 
which there is no deflection of the galvanometer. Then F and H 
are at the same potential, and 





ir=Ri 


FD 

AF 


Post-OfUce Box. —^The post-office box or P.O, box is another 
form of Wheatstone’s bridge, designed originally for the measure¬ 
ment of the resistance of telegraph wires. In appearance it is 
like the resistance box shown in Fig. 521 with a third row of resist¬ 
ance coils added. Fig. 532 is a plan of one, lettered in agreement 



with Fig. 529, on which the positions and values of the resistance 
coils are indicated. There are terminals at A, F, I), and 11 for 
attaching the battery, galvanometer, and unknown resistance. 
The arms AF and FD are known as the ratio arms ; the ratio of 
the resistances of these arms can be made 1 ; lOO, 1 : 10, 1 ; 1, 
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10 : 1, and 100 : 1, The remaining arm AH is simply a resistance 
box ^ving any whole number of ohms from 1 to 11,110. 

Since in the post-office box the resistances are whole numbers, 
it may not be possible to get an exact balance. For example, 
5623 ohms may give a deflection to the left and 5624 ohms to 
the right. The correct value can then be calculated by the 
principle of proportional parts. 

The key X in the battery branch should be pressed before the 
key k in the galvanometer branch, because, if A; is pressed first, 
on pressing K a transient current may flow through the galvano¬ 
meter, and this transient current may be in the opposite direction 
to the current indicated by the needle when it finally comes 
to rest. 

Resistance of Galvanometer. Kelvin^s Method.—In determining the 
resistance of a galvanometer by this method it is placed Instead 
of the unknown resistance in the arm HD of a Wheatstone’s 
bridge (Fig. 529). The arm HF contains nothing but the key k. The 
key K is closed and k left open ; then a steady current flows through the 
galvanometer. If now, when k is closed, there is no change of current 
through the galvanometer, H and F must be at the same potential. 
Hence the resistance of the galvanometer is R^Rs/Rj, the same expres¬ 
sion as was found for the unknown resistance formerly. 

Platinum Thermometer.—The mercury thermometer cannot be used 
much above 300* C., and the air thermometer is awkward to use 
and really only suited for standardising more handy forms of instru¬ 
ment. Consequently, as the resistance of a wire increases with tem¬ 
perature, and the measurement of a resistance can be carried out with 
great accuracy, the variation in the resistance of a wire is used as a 
means of measuring temperature. The wire chosen is a platinum one ; 
it is wound on a thin mica frame and enclosed for protection in a glass 
or, for higher temperatures, a porcelain tube, the whole forming what 
is known as a platinum thermometer. Flexible leads connect the 
thermometer to a Wheatstone’s bridge. 

The variation in resistance of a pure metal with temperature is 
given by the formula 

R(=Ro(l-t-ar4.y?<*) 

where R^ and R^ are respectively the resistances at i* and 0* C., and 
a and ^ are constants. Hence, since the formula contains three unknown 
quantities, three temperatures are required to calibrate tho thermo¬ 
meter. Those usually taken are the melting point of ice, the boiling 
point of water, and the boiling point of sulphur, 444*6* C. The range 
of the platinum thermometer extends up to about 1200* C. 

For small ranges of temperature the resistance of a wire can be 
represented quite well by the formula Ra(14-a0- The resistance of 
carbon, unlike that of metals, decreases as its temperature rises, the 
resistance of a carbon filament lamp in use being aUout half its value 
when cold. The resistance of the alloy constantan is almost in¬ 
dependent of its temperature ; hence constantan is much used for the 
construction of resistance coils. 
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Graphical Method of Determining the Constant Resistance 

in a Circuit. —Let us suppose that a battery of electro¬ 
motive force E and resistance B, a galvanometer of resistance G, 
and a resistance box are joined in series. Let R be the resistance 
unplugged in the box. Then by Ohm’s law the current is given by 

E 


C= 


BH-G+R 


Hence 


^=B+G+R 


If now the value of C is measured for different va^es of R and 
1/C graphed against R (Fig. 583), the 
observations will lie on a straight line PQ. ^ 

This straight line intersects the R axis a 
distance OP beyond the origin. When 
1/C=0, we have 

B-i-G+R=0 or B+G = —R _ 

Hence the numerical value of OP gives ^ ® 

B4-G, the constant resistance in the 533.—Diagram for 

. ' .! graphical determination 

circuit. /^ . 1 . of resistance. 

It IS not necessary that 1/C itself 

should be plotted; any quantity proportional to 1/C will do. 

For example, m the case of a tangent galvanometer it is sufficient 

to take the cotangent of the deflection. But the method, although 

a very interesting one, is only useful, when B+G is of the same 

magnitude as the resistances unplugged in the box. 

The only instrument for measuring current described so far 

has been the tangent galvanometer. Much the greater number of 

current-measuring instruments at present in use are of another 

type, the moving coil type, and we shall now proceed to describe 

the principle on which this type is based. 

Force on Straight Conductor in a Uniform Magnetic 

Field.—Oersted’s experiment showed that a wire carrying a 



Fio. 584. Fio. 

Interaction of magnetic fields of current and magnet. 

current exerted a force on a magnetic pole in its neighbourliood 
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By Newton’s third law of motion action and reaction are equal 
and opposite. Consequently, since the wire exerts a force on the 
pole, the pole must exert an equal and opposite force on the wire. 
This force may be ascribed to the joint action of the fields of the 
current and pole. For example, in Fig. 584 the straight lines 
represent the lines of force of the magnet and the circles the lines 
of force of a current flowing downwards into the paper. The 
resultant of these two fields is shown by the curved lines in 
Fig. 585. Above the wire the lines of force reinforce one another 
and their density is great, below the wire they oppose one another 
and their density is small, and it is clear that their tension and 
lateral repulsion will force the wire downw'ards. 

The magnitude and direction of the force are given by the 
following rules : 


rfKK^o 


or 

OM co^oacrvM 


If a straight wire of length I cm. carries a current of C c.g.s, 

units and is placed in a 
uniform magnetic field oj 
strength H c.g.s, units at right 
angles to the direction of the 
fields it is acted on by a force 
of ZCH dynes. 

Point the thumb and the 
first two fingers of the left 
hand in three directions at 
fight angles to one another; then, if the first finger gives the 
direction of the field and the second finger the direction of the 
current^ the thumb gives the direction of the force. 

If the current is measured in amperes, the force is jq/CH dynes. 



Fio. 586.—Left-hand rule. 


Verification of Rule.—It was stated in Chapter VI that when 
a current C flows in a circular coil of one turn and radius r, it exerts 
a force ^-nmCJr on a magnetic pole of strength m placed at the centre 
of the coil in a direction at right angles to the plane of the coil. Thus 
each unit of length of the coil exerts a force wiC/r®. By Newton’s 
third law this is the reaction of the pole on unit length of the coil, and 
it will be observed that it agrees with the formula fCII, for in this case 
H is the field strength at the coil due to the pole, and is consequently 
equal to m/r*. 


Couple on Coil in Magnetic Field. —Fig. 587 represents a 
rectangular coil of w'ire which is suspended in a uniform magnetic 
field of strong h H, so as to rotate about a vertical axis through 
its middle point. This vertical axis is shown by a broken line in 
the figure. A current C flows in the coil in the direction shown 
by the arrows, and the normal to the plane of the coil makes 
angle B with the direction of H. Let I and b be the length and 
breadth of the coil respectively. 
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£ach of the four sides of the coil is a straight wire carrying 
a current in a magnetic field, and is hence acted on by a force 
which can be found by the rules on p. 534. 

In calculating the force on the top and 
bottom we take the component of H at 
right angles to the wire, but the force in 
this case acts through the midpoint of the 
wire and has hence no moment about the 
axis. The force on each of the sides is 
ICH .; on the side to the left it is forward 
at right angles to the paper, and on the 
side to the right backward at right angles 
to the paper. Thus the forces on the 
sides constitute a couple tending to rotate 
the coil about the axis of suspension. 

The perpendicular distance between their 
lines of action is b sin and consequently 
the moment of the couple is 

fCH6 sin 0=HCA sin 

where A is the area of the coil. It may be 
holds true for any shape of coil and not merely for a rectangular 
one. 

The couple becomes zero when sin 0=0, i.e, the equilibrium 
position of the plane of the coil is at right angles to the direction 
of the field. The corresponding formula for the couple on a 
magnet suspended in the field is IlM sin 0. Hence the coil behaves 
like a magnet of moment CA, which has its axis at right angles 
to the plane of the coil. 

If the solenoid described on p. 514 is suspended in a horizontal 
position, so that it is free to turn about a vertical axis through its mid¬ 
point, it sets itself in the magnetic meridian when a current is passing, 
for there is a couple on each separate turn of the coil which brings it 
into a position at right angles to the earth’s field. It is also attracted 
by a magnet, for it sets itself parallel to the field of the latter just as 
another magnet would. It thus behaves exactly like a suspended bar 
magnet. 

Moving Coil Galvanometer. —In the moving coil galvano¬ 
meter a small coil of several turns of thin insulated wire is sus¬ 
pended between the poles of a strong horseshoe magnet. One 
end of the coil is attached to a phosphor bronze strip which acts 
as a means of suspension, the other end to a flexible spring, and 
a cylindrical core of soft iron is placed within the coil to concentrate 
the lines of force as much as possible. 

The coil is suspended with its plane parallel to the lines of 
force of the field. When the current passes, there is a deflecting 



0 

shown that the result 
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couple proportional to the cosine of the angle which the plane of 
the coil makes with the direction of the field. This is resisted by 
the torsion of the suspension, which is proportional to the angle 
turned through, and the coil comes to rest in the position in which 
these two couples balance. Since the angles used are small, 
the current is proportional to the deflection itself. The latter is 
read either by means of a mirror and scale or by the motion of a 
pointer over a graduated scale. 

The advantages of the moving coil instrument over the tangent 
galvanometer are, that any variation of the earth’s field has no 
disturbing effect, since the coil is already in a very strong field, 
and that the instrument can be used in any position, and does 
not require to be set in the meridian. It has the disadvantage 
that the current cannot be calculated from the dimensions of the 
instrument as in the case of the tangent galvanometer, and hence 
the scale has to be calibrated by some other method. But this 
is a minor consideration, and much the greater number of current¬ 
measuring instruments in use are of the moving coil type. If 
the scale is graduated so as to read directly in amperes, milli- 
amperes (thousandths of an ampere), or micro-amperes (millionths 
of an ampere), they are called ammeters, milli-ammeters, or 
micro-ammeters. 

Voltmeter. —By providing a milli-ammeter with a large 
series resistance it can be used as a voltmeter or instrument for 
measuring electromotive force, and nearly all the voltmeters in 
commercial use are of this type. For example, a certain milli- 
ammeter in wide use has a range of 0-15 milli-amperes and a 
resistance of 5 ohms. If it is combined with a resistance of 
995 ohms, the total potential difference across instrument and 
resistance when a current of 15 milli-amps. is flowing through it 
is 0*015 x(995-j-5)=15 volts. Hence it can be used to measure 
E.M.F.’s up to 15 volts, and a resistance of 995 ohms which fits 
neatly on to the instrument is supplied for this purpose. In most 
voltmeters the large resistance is contained inside the instrument. 

Of course, when the E.M.F. of a battery is measured in this 
manner, some current is taken from it, whereas when an electro¬ 
static instrument like the quadrant electrometer is used, no 
current flows at all. By allowing a current to flow between the 
terminals whose potential difference is being measured, we diminish 
the potential difference between these terminals. But, when the 
resistance of the voltmeter is great, the error introduced in this 
manner is small, and voltmeters of this type are much more 
reliable than electrostatic voltmeters. 

Action of Currents on Currents. — Since a wire in which a 
current is flowing possesses a magnetic field, a second wire con¬ 
veying a current experiences a force when placed in this field. 
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If the two wires are parallel, the lines of force of the first meet 
the second at right angles, and it follows from the rules on p. 684, 
that the force on the second is an attraction towards, or a repulsion 
away from, the first. If the currents are in the same direction it 
is an attraction, and if they are in opposite directions it is a 
repulsion. In the same way the field of the second wire exerts 
a similar force on the first. So we arrive at the result: 

Currents in parallel wires in the same direction attract one 
another. 

Currents in parallel wires in opposite directions repel one another. 

The attraction can be shown very neatly by Roget’s spiral. 
This consists of a spiral wire which hangs vertically with its lower 
end just dipping into a pool of mercury. When a current is sent 
through it, the adjacent turns attract each other, since they carry 
parallel currents. The spiral consequently shortens, the lower 
end rises out of the mercury, and the current is broken. The 
attractive force being then removed, the spiral lengthens and 
makes contact again. And so on ; the process is constantly 
repeated. 

The attraction or repulsion exerted by a fixed coil on a movable 
coil in which the same current is flowing is used as a means of 
measuring current, voltage, and electrical power. The dynamo¬ 
meter and current balance are instruments of this class. 

Ballistic Galvanometer and Comparison of Capacities.— 

When current is made, the pointer of a galvanometer does not go 
directly to its final position. It swings at first too far, and then 
oscillates about the final position before coming to rest at it, and 
it is the final position that is observed. 

Sometimes a current rises from zero value to a maximum, 
and then falls again to zero almost instantaneously. In this case 
it is the total quantity of electricity which passes that is important, 
and the instrument used for measuring it is called a ballistic 
galvanometer. Ballistic galvanometers may be either like a 
tangent galvanometer or of the moving coil type ; the essential 
condition is that they should have a large period, and that the 
oscillations should not die down rapidly. When a quantity of 
electricity passes through such a galvanometer, the needle swings 
from its zero position to one side, and then oscillates about 
the zero position until it finally comes to rest at it. It is the 
amplitude of the first throw or swing that is read ; this is pro¬ 
portional to the quantity of electricity that passes. 

Fig. 538 represents an airangement by which the ballistic 
galvanometer may be used to compare the capacities of condensers 
or the E.M.F.*s of cells. G is the galvanometer, Iv a spring key, 
C a condenser of capacity C^, and B a battery of elcetroinotive 
force E, The key initially makes contact on J, so that both 
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sides of the condenser are connected through the galvanometer. 
It is then pressed down to make contact on H, and immediately 

the two sides of the condenser are charged to a 
potential difference E. The key is then allowed 
to spring back to its initial position, the con¬ 
denser discharges, and a quantity of electricity 
CiE passes through the galvanometer. The 
throw of the galvanometer is noted. 

If the condenser is replaced by another one 
of capacity Cg and the throw noted in this case, 
the ratio of the throws is equal to the ratio of 
the capacities, since it is the ratio of CjE to 
C 2 E. If the battery is replaced by another one 
of different electromotive force, the same con¬ 
denser being used in each case, the ratio of the throws is equal to 
the ratio of the E.M.F.’s. ^ 

The capacity of a condenser is the ratio of the charge on it to 
the potential difference between the plates. When one coulomb 
of electricity raises the potential difference between the plates to a 
potential difference of one volt, the capacity is said to be one farad. 
This unit is, however, too large for practical purposes, so a unit 
called the micro-farad, which is one-millionth of the farad, is used 
instead. It has already been referred to on p. 490. 

IMlcasurcnieiit of Battery Resistance. —Fig. 539 represents 

an arrangement for determining the 
resistance of a battery. B is the 
battery, r its resistance, K a plug 
key, R the external resistance in the 
circuit, and V a voltmeter. 

The voltmeter is first read with 
the cell on open circuit, i.e. with 
the key K open. Let the result be 
E. This is the potential difference 

between the terminals of the cell when no current is passing. 
The key is then closed, and we have, by Ohm’s law, 

E=C(RH-r) 

where C is the current in the circuit. The difference of potential 
between the ends of the resistance R is CR, and this is the quantity 
now indicated by the voltmeter. Let it be E'. Then 

E'=CR 



Fio. 539.—Measurement of 
battery resistance. 



We have consequently 
which gives 


E __R+r 
E' R 

(E — E')R 
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Potentiometer. —The potentiometer is an instrument used 
for comparing the E.M.F.’s of cells. It is represented in principle 
in Fig. 540. B is a battery of constant E.M.F. which must be 
higher than that of any of the 
cells to be compared ; two 
accumulators in series will be 
found suitable. DF is a long, 
straight, uniform wire of high 0 
resistance which has its end D 
connected to the positive pole 
of the battery. S is one of 
the cells whose E.M.F. is to Fio. 540.—Principle of the 

be compared. Its positive potentiometer, 

pole is connected to D and its 

negative pole through a galvanometer G to a contact key at H. 
Let its E.M.F. be denoted by Ei and let the length of DH be li. 

Suppose first that there is no contact at H. Then since the 
wire is uniform, the potential difference between D and H is by 
Ohm’s law proportional to fi- If now contact is made at H, 
the accumulators tend to send a current through the branch 
circuit DSGH in the direction of the arrow. This is opposed by 
El, the E.M.F. of the cell S, and if the position of H is such that 
the potential difference between D and H before contact is exactly 
equal to Ei, no current will flow through the galvanometer when 
the key is depressed. This position of H is found by trial and the 
length li noted. The cell is then replaced by another one of 
electromotive force E 2 , and the position of H again found for 
which there is no current in the galvanometer, when the key is 
depressed. Let DH now be /g* Then 




If the cell S in the branch circuit has its terminals joined by a 
resistance and a plug key, and the position of H is found for 
which there is no current in the galvanometer, both when the 
plug key is open and closed, the resistance of the cell can be 
calculated from the results by the equation on the preceding page. 

The potentiometer can also be used for measuring a current 
and calibrating an ammeter. The instrument to be calibrated is 
placed in the main circuit, for example, between B and D, and a 
standard cell placed in the branch circuit at S. When balance 
is obtained, the potential drop between D and H is tlien known 
very accurately, and if the resistance of DII is known, tiie current 
can be calculated. The method requires a potentiometer in which 
the portions of the wire, DH, HF, are replaced by resistance boxes, 
the box which replaces DH being a very accurate one. 
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Examples VIII 

1. An unknown resistance is measured against a 5-ohm resistance 
coU by means of a wire bridge. It is found to be greater than the 
latter, contact having to be made either at the 28-9 or the 70-9 cm. 
mark on the scale—the wire is 100 cm. long—according to the side of 
the bridge on which the unknown resistance is placed. What is its 

value ? To what do you attribute the sUght difference in the two 
results ? 

2. An unknown resistance is measured against a 6-ohm resistance 
by means of a one-metre bridge. In order to obtain balance contact 
must be made at 39*7 cm. A 10-ohm resistance is substituted for the 
5-ohm resistance, and balance is then obtained at 24*7 cm. What is 
the value of the unknown resistance ? 

3. A battery of E.M.F. 1*45 volts and negligible resistance is con¬ 
nected to the opposite corners A and C of a quadrilateral wire frame 
ABCD. Calculate the potential difference between B and D, given 
that the resistances of AB, BC, CD, and DA are respectively 40, 80, 80, 
and 70 ohms. 

4. An ammeter is connected in series with a battery and resistance 
box. When the resistances unplugged in the box are 100,200, 800, and 
400 ohms, the ammeter readings are 99 0, 65 0, 48-3, and 38-6 divisions 
respectively. Find the other resistance in the circuit as accurately 
as possible. 

5. A current of 8 amp. flows in a vertical wire 80 cm. long. Calcu¬ 
late in dynes the force exerted on the wire by the earth’s field, given 
that the horizontal coniponent of the earth’s field is 010 c.g.s. unit. 

6. A rectangular coil of height 10 cm. and width 8 cm. is suspended 
in a magnetic field of strength 2*0 units. Calculate the couple acting 
on it, when its plane makes an angle of 60° with the direction of the 
field, and a current of 2 0 amp. flows in the wire. 

7. A milli-ammeter has a range of 0—15 milli-amp. and a resistance 
of 5 ohms. What series resistance must be provided to convert it 
into a voltmeter with a range of (i) 0-75 volts, (ii) 0-150 volts ? 

8. The E.M.F. of a Daniell’s cell is 1*07 volts, and its internal 
resistance is 4 ohms. Its poles are joined by a wire, the resistance of 
which is 20 ohms. Calculate the current produced, and the difference 
of potential between the ends of the wire. 

9. A fresh flash-light battery is run for 20 minutes through an 
external resistance of 8-85 ohms. The current is at first 0-42 amp., 
but at the end of the test it has fallen to 0-27 amp. The E.M.F., as 
measured on a voltmeter, was 4-35 volts before, and 3 0 volts after the 
test. Find the initial and final values of the resistance of the cell. 

10. A voltmeter which has a resistance of 2000 ohms is used to 
measure the E.M.F. of a cell the resistance of which is about one ohm. 
W^hat is the percentage error caused by neglecting the current through 
the voltmeter ? 


CHAPTER IX 


ELECTROLYSIS. VOLTAIC CELl.S 

Two Kinds of Conduction. —When an electric current flows along 
a wire, there is no motion of molecules or atoms in the direction 
of the current. If, for example, a copper plate presses against 
an iron plate, and a current flows across from the copper to the 
iron, no penetration of the copper molecules into the iron can be 
detected by the most careful chemical analysis. But when a 
current passes through a solution of a salt or acid, some of the 
dissolved substance is carried to the points where the current 
enters and leaves the solution, and is separated out there. In this 
case the conduction is said to be electrolytic as distinct from 
metallic, the vessel in which the solution is contained is called 
an electrolytic cell, and the solution itself an electrolyte. The 
decomposition produced by the current is referred to as electrolysis. 
The conductors by which the current enters and leaves the 
solution are called the electrodes, that by which the current 
enters the anode and that by which it leaves the cathode. The 
terminology of the subject is due to Faraday. 

All solutions of salts, acids, and bases in water are electrolytes, 
also fused salts and some solid substances such as glass at a high 
temperature. Ohm’s law and Joule’s law hold for electrolytic 
conduction, provided that the difference of potential is measured 
between two points inside the liquid. Electrolytic conductors 
also produce a magnetic field in the same way as metallic 
conductors do. 

Facts of Electrolysis. —Let us study the experiment re¬ 
presented in Fig. 541. Three electrolytic cells are connected in 
series with a battery. The first one contains a solution of copper 
sulphate with copper electrodes, the second a solution of silver 
nitrate with silver electrodes, and the third is tlie arrangement 
already described on p. 505, and consists of a dilute solution 
of sulphuric acid with platinum electrodes. In each cell tho 
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anode is on the left and the cathode on the right, that is, the 
current flows through the cells from left to right. 

It is found that when current passes in the first cell, a certain 
quantity of copper is deposited on the cathode and the same 
quantity of copper goes into solution from the anode. When the 
current passes in the second cell, a certain quantity of silver is 

deposited on the cathode 
and the same quantity of 
silver goes into solution 
from the anode. When 
the current passes in the 
third cell, gas is evolved 
at both electrodes, oxygen 
at the anode and hydro¬ 
gen at the cathode, and 
if the gas is collected in 
inverted tubes in the 
usual manner, the volume 
of the hydrogen is twice 
the volume of the oxygen. It is found that the quantities of 
copper and silver deposited and the quantities of oxygen and 
hydrogen given off are proportional to the quantity of electricity 
that passes and independent of the size and shape of the cells 
and electrodes or of the strength of the solutions. If one coulomb 
of electricity passes, 0*0003294 gm. of copper, 0*0011183 gm. of 
silver, 0 00008293 gm. of oxygen, and 0*00001045 gm. of hydrogen 
are liberated. These quantities are known as the electro-chemical 
equivalents of the respective substances. 

The mass of a substance deposited by the passage of unit quantity 
of electricity is called the electrochemic^ equivalent of the substance. 
It is usually measured, as above, in grams per coulomb. 

Faraday'S Laws of Electrolysis. —^The facts of electrolysis 
were summed up by Faraday in the following laws : 

1 . The mass of any substance liberated is proportional to the 
quantity of electricity that passes. 

2 . The mass of any substance liberated by a given quantity of 
electricity is proportional to the chemical equivalent of the substance. 

It follows from the second law, that the electro-chemical 
equivalent is proportional to the chemical equivalent. The 
chemical equivalent of an element is its atomic weight divided 
by its valency. The atomic weights of copper, silver, oxygen, 
and hydrogen are 63*57, 107*88, 16 00, and 1*008. Silver and 
hydrogen arc monovalent, oxygen is divalent, and copper is 
divalent in copper sulphate. Hence the chemical equivalents 
of copper, silver, oxygen, and hydrogen are respectively 31*78, 
107*88, 8*00, and 1*008. Now the electro-chemical equivalents 
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of these elements have already been stated. Consequently, from 
the second law we must have 

00003294 00011188 000008294 0-00001045 

31*78 “ 107-88 “ 8-00 ” TOOS 

and this relation is foimd to be true. 

The electro-chemical equivalent of any substance can be 
determined from the electro-chemical equivalent of any other 
substance by an equation of the above type, when their chemical 
equivalent? are known ; silver is usually taken as the other sub¬ 
stance, as its electro-chemical equivalent has been determined 
with great accuracy. When an element has two valencies, it 
has two electro-chemical equivalents, one for each valency. 
Thus the value for copper given above is for the cupric state ; 
the value for the cuprous state is twice as great. 

Faraday’s laws of electrolysis can be summed up in the 
equation W=zCt, where W is the mass deposited in grams, z 
is the electro-chemical equivalent, C the current in amperes, 
and t the time in seconds. 


Mass of the Hydrogen Atom.—Faraday stated the laws of elec¬ 
trolysis in 1833. Writing in the same year he drew the conclusion 
from the laws that there is a definite electrical charge associated with 
the atom, since the quantity of electricity passed through the electrolyte 
may be regarded as possessed by the atoms liberated at the electrodes. 
In his own words the electro-chemical equivalents of bodies are “ simply 
those quantities of them which contain equal quantities of electricity.” 
We know now that there is an elementary electric charge, the charge 
on an electron, equal to 4-774x10“*® electrostatic unit. Expressed 
in coulombs this is equal to 1 -59 x 10“*®. It follows from the definition 
of electro-chemical equivalent, that each gram of hydrogen liberated 

in an electrolytic cell carries a charge of ^^ ^ ^ =9-6 x lO^couloinbs. 

If each atom carries one elementary electric charge, it follows that there 
are 6-0x10*® atoms in one gram of hydrogen. This is in agreement 
with determinations of the same quantity made by other methods. 

The gram-equivalent of a substance is a quantity equal to 
its chemical equivalent expressed in grams, e.g. the gram-equivalent 
of silver is 107-9 grams. The mass of any substance liberated by the 
passage of 95,700 coulombs is equal to its gram-equivalent. 

Voltameters. —For the electrolytic cell we liavc W=cC<, 
where W is the mass of a substance of electro-chcmical equivalent 
z deposited in time t by current C. If W, z, and t are known, C 
can be calculated. Electrolytic cells which are used in this way 
for the measurement of current and the standardisation of instru¬ 
ments are called voltameters. The hydrogen voltameter has 
already been described on p. 505. The silver voltameter is 
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the most reliable and accurate, though the copper voltametei 
is much used on account of its cheapness. The silver voltameter 
consists of a silver rod dipping into a platinum basin which con¬ 
tains silver nitrate. The silver rod acts as anode and silver is 
deposited on the basin, the quantity deposited being determined 
by weighing the basin before and after the experiment. The 
copper voltameter consists of copper electrodes dipping into a 
solution of copper sulphate. 

Electrolytic Dissociation. —Let us now return to the ex¬ 
periment represented in Fig. 541. The most natural explanation 
of what happens is, that when copper sulphate goes into solution 
in water, some of the molecules dissociate into two parts called 
ions from the Greek word for wanderer or traveller, a Cu ion 
consisting of the copper atom with two positive charges, since 
copper is divalent, and a SO 4 ion consisting of one sulphur and four 
oxygen atoms, which carries two negative charges. When the 
circuit is made, the electric field causes the Cu ions to move to the 
cathode and the SO 4 ions to move towards the anode. Thus the 
electricity travels by a kind of convection. The ions which move 
towards the anode are called anions and those which move towards 
tte cathode cathions. The electric field does not cause the 
dissociation and make the ions ; it merely causes a motion of the 
ions which are already there. When the Cu ions arrive at the 
cathode, they give up their charges to it and deposit on it. When 
the SO 4 ions arrive at the anode, they give up their charges to it; 
they then attack the anode, forming copper sulphate. 

In the same way some of the silver nitrate molecules are 
dissociated on solution into Ag ions and NO 3 ions. The Ag ions 
carry each one positive charge, since silver is monovalent, and 
the NO 3 ions carry each one negative elementary charge. The 
Ag ions give up their charges to the cathode and are deposited 
there, while the NO 3 ions give up their charges to the anode 
and attack it, forming silver nitrate. 

In the case of the hydrogen voltameter some of the H 2 SO 4 
molecules are dissociated into H and SO 4 ions. The former give 
up their charges to the cathode and then are liberated in the 
form of a gas ; the latter give up their charges to the anode and 
then attack the water according to the equation 

2H2O +2SO4 =2H2S04 H-Oa 

forming sulphuric acid and oxygen, the latter of which is liberated 
as a gas. This is an example of what is known as a secondary 
action ; such actions often obscure what happens in the cell, 
for the natural inference on seeing oxygen evolved at the anode 
would be to regard oxygen as the anion. It should be noted that 
in the hydrogen voltameter the SO 4 ion is unable to attack the 


BliEOTROIiYSIS. VOLTAIC CELLS 


545 


water until it has given up its charges and ceases to be an ion. 
The volume of the hydrogen liberated is twice the volume of the 
oxygen, since it contains twice as many molecules. 

In the cases examined above the metals and hydrogen travel 
with the current. This is a general rule ; the metals and hydrogen 
always travel with the current, and are hence called electro-positive, 
while the acid particles and non-metals travel against the current, 
and are hence called electro-negative. 

Pure water is not an electrolyte and does not conduct 
electricity. But it is practically impossible to obtain water without 
traces of some salt or acid dissolved in it. 

Applications of Electrolysis.—Electrolysis is used in the arts for 
electroplating, electrotyping, and the refining of metals. 

In electroplating—copper plating, nickel plating, silver plating— 
the article to be plated is placed in a bath, and forms the negative 
electrode of an electrolytic cell. The other electrode is of the metal 
which is to be deposited from the solution ; thus in the case of silver 
plating it is of silver, and the solution consists of 2 parts of silver 
cyanide and 2 parts of potassium cyanide dissolved in 250 parts of 
water. ^Vhen the current passes, silver is deposited on the article to 
be plated, silver goes into solution from the anode, and the strength 
of the electrolyte remains constant. 

In electrotyping the page is set up in ordinary type, a mould taken 
in wax, powdered with graphite in order to render it conducting, and 
then copper plated by electrolysis. The wax is then removed, replaced 
by a metal backing, and the sheets printed off from the copper-faced 
plate thus formed, which stands wear much better than ordinary type 
and is always used for large editions. 

In purifying copper, for example, by electrolysis, unrefined copper 
is used as the anode, and pure copper sulphate used as the electrolyte. 
As the anode goes into solution, the impurities fall to the bottom of the 
bath ; consequently pure copper is deposited on the cathode. Electro¬ 
lytic copper is the purest on the market. 

Simple Voltaic Cell. —The only cell described hitherto has 
been the Leclanche cell. We shall now go into tlie subject of 
cells in more detail. 

Let us suppose that we have a copper plate and a zinc plate 
dipping into a dilute solution of sulphuric acid. If the difference 
of potential of the two plates is measured, it is found to be 108 
volts, the copper plate being at the higher potential. Small 
bubbles of gas form on the surface of the zinc plate, but these 
can be eliminated by using chemically pure zinc ; no bubbles 
form on the copper plate. 

If, however, the copper plate and zinc plate are joined by a 
wire, a current flows from the copper plate through thf; wire to the 
zinc plate, there is a copious evolution of bubbles at the copper 
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plate, and the zinc plate wastes away. The arrangement acta 
as a cell, and can be used for giving current. The H 2 SO 4 molecules 
in solution dissociate into SO 4 and hydrogen ions ; the SO 4 attacks 
the zinc, forming zinc sulphate, and the hydrogen ions are given 
off as gas on the copper plate. It is the energy given out by 
the formation of the zinc sulphate which keeps the current going. 

If the action is allowed to go on for some time, an accumulation 
of hydrogen bubbles takes place on the copper plate. This acts 
in two ways ; it increases the resistance of the cell by diminishing 
the effective area of the plate, and it lowers the E.M.F. of the 
cell. As a result of these changes the current in the circuit 
diminishes, and the cell is said to polarise. But if the copper 
plate is removed and dried, and dipped in the solution again^ 
the polarisation is found to have disappeared. 

When the cell is giving a current, before polarisation sets in,’ 
the potential falls from the copper to the zinc outside the cell, 

makes a sudden rise of 0*62 
volt from the zinc to the 
acid, falls ii> the acid, and 
makes a sudden rise of 0*46 
volt from the acid to the 
copper. Fig. 542 represents 
its distribution in the cir¬ 
cuit, the mean potential of 
the acid being taken as zero. 
After polarisation begins, 
the potential rise from the acid to the copper diminishes. When 
no current is flowing, the acid is at the same potential throughout, 
and so are the wires connected to the zinc and copper plates. 

If the current is compared to a river, the Zn and Cu plates 
in Fig. 542 must be regarded as pumping stations at which the 
water is raised to a higher level. 

Leclanch^ Cell. —The disadvantage of the simple cell 
described above is, that it polarises too rapidly. All the voltaic 
cells in use have devices for preventing polarisation. Thus in 
the Leclanche cell, when the chlorine ion attacks the zinc forming 
zinc chloride, the NH 4 ion liberated at the carbon plate breaks 
up into NH 3 which dissolves in the solution, and hydrogen which 
reacts with the manganese dioxide to form water and manganous 
oxide. In spite of this the Leclanche polarises rather rapidly, 
but recovers after a rest, and it possesses the advantage that the 
solution does not attack the zinc when no current is passing. 
Consequently, it is much used for electric bells, telephones, and 
other intermittent work. 

Daniell Cell. —^The Daniell cell is one in which polarisation 
has been overcome very successfully. It consequently gives a 
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very constant E.M.F., bat the chemical changes do not stop 
when the current is broken, and it has to be dismantled when 
not in use. 

In the usual form of the cell the negative plate is a zinc rod 
dipping into a porous pot which contains a solution of sulphuric 
acid. Xhis porous pot is placed inside a wider copper vessel 
which contains a solution of copper sulphate. The porous pot 
prevents the mixing of the two duids. The copper vessel itself 
is the positive plate of the cell. The sulphuric acid is decomposed 
into hydrogen and SO 4 ions ; when a current passes, the SO 4 
ions attack the zinc forming zinc sulphate, and the hydrogen ions 
pass into the copper sulphate forming sulphuric acid and liberating 
copper ions. These copper ions are deposited on the copper plate, 
and there is no polarisation, since it is copper and not hvdroffen 
that is deposited. 

In another form of the cell, the gravity Daniell, the zinc 
sulphate solution which is less dense than the copper sulphate 
solution, simply floats on the top of the latter in a glass vessel, 
the porous partition being done away with. The zinc electrode 
is at the top, and the copper electrode at the bottom of the vessel. 
The liquids do not mix for a considerable time, as the process of 
diffusion is a slow one. 

The E.M.F. of the Daniell cell is 1'08 volts. 

Bichromate Cell. —The positive pole of this cell consists of 
two carbon plates in conducting communication, between which 
the negative zinc plate is placed. The plates are close together, 
and hence the resistance of the cell is small. The electrolyte is 
a mixture of sulphuric acid and potassium bichromate. The 
sulphuric acid attacks the zinc liberating hydrogen. The hydrogen 
ions travel to the carbon plates, give up their charge, and are 
oxidised by the bichromate to form water ; the bichromate con¬ 
sequently acts as depolarising agent. The zinc is drawn up out of 
the liquid when not in use. The E.M.F. of the cell is hifrh, about 
2 volts. 

Dry Cell. —The disadvantage of a cell containing liquid is 
that the latter may dry up or be spilled. For this reason cells 
containing no liquid, called dry cells, are in considerable use • 
they have different trade names, but in composition arc all practi¬ 
cally the same, not differing much from the Lcclanche cell. Their 
positive pole is a carbon rod surrounded hy a paste, the avera'^e 
composition of which is 10 parts by weight of manganous dioxid^, 
10 parts of carbon or graphite, 2 parts sal ammoniac, and J part 
zinc chloride. This paste is called the depolarising paste ; it 
is held firmly round the carbon electrode by a sack, and it occupies 
almost all the volume of the cell. The negative electrode is the 
zinc box containing the cell. Between the zinc and depolarising 
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paste is the electrolytic paste, usually white, made of flour, plaster 
of Paris, sal ammoniac, and zinc chloride ; the layer of electrolytic 
paste is generally very thin. The carbon and depolarising 
paste must not touch the bottom of the zinc box. There is a 
small hole in the top of the cell for the escape of ammonia. 

The E.M.F. of such a cell when fresh is 1*45 volts. The 
batteries used in pocket flash lamps consist simply of three such 
cells in series, and consequently ought to have an E.M.F. of 4*85 
volts when fresh. Dry cells deteriorate in the course of time, 
even though not in use, owing to chemical changes taking place 
inside them. 

Cadmium Cell. — ^The cells hitherto described are used as 
sources of current. The cadmium cell has the property that its 

E.M.F. is very constant, and it is 
used solely as a standard of E.M.F. 
Only a very small current can be 
taken from it, or it will be damaged, 
but if it is used with care the 
E.M.F. remains constant at 1-018 
volts for years. The cell consists 
of various substances contained in 
an H'Shaped glass tube with plati¬ 
num electrodes sealed through the 
glass; the details may be made 
out from Fig. 548. 

Storage Cell. —If two lead plates 
are immersed in a solution of one 
part of sulphuric acid to ten parts 
of water, and a current passed 
through the solution, hydrogen 
bubbles rise from the plate at 
which the current leaves the solution, and the other plate 
becomes brown. This is due to the formation of lead peroxide 
(Pb 02 ) by the action of the oxygen, which is liberated by the 
current at this plate in exactly the same way as oxygen was 
liberated in the case of the hydrogen voltameter. If the current 
passing through the liquid is measured by an ammeter, it is found 
to decrease as the lead peroxide is formed. 

If the battery is now removed, and the lead plates joined 
through the ammeter, it will be found that a current passes through 
it the other way. The original current virtually changed the two 
lead plates into a lead plate and a plate of lead peroxide, and thus 
made the arrangement into a voltaic cell, for whenever we have 
two dissimilar metals dipping into an acid we have a voltaic 
cell. It was the E.M.F. of the cell thus formed acting against the 
charging E.M.F. that made the ammeter reading fall in the first 



Fig. .*543.—Cadmium cell. 

A» ^torcury. B, Mercurous BUlpliate 
paste. C, Cadmium sulphate crystals. 
Dp Cadmium sulphate (saturatedsola* 
tion). E, Cadmium amalgam. 
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case. The arrangement acts as a voltaic cell only until the 
peroxide is used up. 

The principal difference between the cell just described and 
the commercial storage cell or accumulator in common use is, 
that in the storage cell lead grids are used instead of plates, that 
the interstices in the grids are filled with lead sulphate before 
charging, and that after charging the interstices in the positive 
• g*“id are filled with lead peroxide, and in the negative grid with a 
porous spongy lead. During charging the SO 4 ions travel to the 
anode and form lead peroxide according to the equation 

PbSOi H-2H20 +SO4=Pb02+2H2SO4 


The E.M.F. of a freshly charged storage cell is 2T volts, and it 
gives back 75 or 80 per cent, of 
the energy spent in charging it. 

The grids disintegrate rapidly and 
have to be renewed. The test for 
knowing when to stop charging an 

accumulator is that, when the cell > 

is fully charged, when all the lead '. 

sulphate on the negative grid is j| } 

converted into lead, hydrogen gas |l l|||||B^pj|^|||^^j9l ; 

begins to be given off; products II |lll| p||jH |j 

of decomposition are then being ' MW ' 

lost and the cell is no longer 

working reversibly. The lead III aiW ' Ife 

grids of an accumulator are shown Kl [|l||lpM^ 




H 




The capacity of a cell is measured 
in ampere-hours or milliampere-hours, 
and in the case of a dry cell a value 

is generally given by the makers. Fio. 544.—Storage cell. 

The capacity varies with the current 

taken from the cell ; if the average current is kept small, the capacity 
is much larger than when the current is large. Increasing the area of 
the plates in a cell or accumulator increases the maximum current 
output, and decreases the internal resistance. 


Recently there has been a great development in the manufacture 
of dry cells. Some have now an E.M.F. of 1-70 volts when new ; in 
the best value of E.M.F. was 1'48 volts. Large capacity <lry cells 
can now be obtained which have an initial E.M.F of 1-70 volts, give 
112 ampere-hours, a current of one ampere, and have a negligible 
resistance. They have no appreciable polarisation wJjen iise<l properly, 
and can be used for purposes for which a storage cell was formerly 
thought to be indispensable* Also high tension dry batteries <-an now 
be obtained with E.M.F.’s up to 150 volts, formed by small cells con¬ 
nected in series. 
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Comparison of Primary, Secondary, and Electrolytic Cells.—Faraday’s 
laws of electrolysis hold for primary cells and secondary cells 
as well as for simple electrolytic cells. Thus if a battery of 
Leclanche cells arranged in series is used to pass a current through a 
zinc sulphate solution into which two zinc rods dip, the quantity of 
zinc eaten away from the negative electrode of each of the Leclanche 
cells is exactly equal to the quantity deposited on the cathode of the 
electrolytic cell. 

The essential difference between the primary voltaic cell, the 
secondary cell, and the electrolytic cell is, that in the first of these the 
chemical change goes of itself, in the second the current produces the 
chemical change during charging, and the chemical change goes of 
itself when the cell discharges, while the third is neutral as regards the 
cb4emica] change. 

Thermo-electricity. —In I 821 Seebeck soldered the ends of 
a bent bar of copper to a bar of bismuth, and suspended a magnetic 

needle horizontally between the bars 
(Fig. 545). He then heated one of the 
junctions, and observed that a current 
flowed round the circuit from the copper 
to the bismuth through the cold junc¬ 
tion. Such currents are called thermo¬ 
electric currents, and a pair of metals 
combined in this manner is called a thermo-element or thermo¬ 
couple. Seebeck arranged the metals in a thermo-electric series, 
such that when any pair of them was used to form a thermo¬ 
element, the current flowed through the cold junction from the 
element that was higher up to that which yvas lower down in 
the series. The order of the metals in the series, however, 
depends on the temperatures of the junctions. 

The nature of the effect is best understood by considering a 
particular case. Fig. 546 gives thermo-electric curves for a 
copper-iron circuit. The 
ordinates of the upper 
curve represent the 
E.M.F. produced in the 
circuit, when the cold 
junction is at 0® C. and 
the hot junction is at 
the temperature repre¬ 
sented by the abscissa. 

The current flows from 

the iron to the copper Fig. 540.—E.M.F. of copper-iron thermo-couple, 
through the cold junc¬ 
tion. The E.M.F. rises with the temperature of the hot junction 
until it attains a maximum of about millivolts, the tempera* 
ture corresponding to this point being called the neutral temperature* 
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It^ jthen falls until at about 550* C. it has becoinc zero. Beyond 
this point, which is known as the inversion temperature, the 
current flows the other way. The lower curve is for the case 
when the cold Junction is at 50* C. Both curves are parabolas, 
the difference in the heights of the ordinates being everywhere 
the same. Combinations of other metals give similar results. It 
will be noticed that the E.M.F.’s produced are small. 

Thermopile.—Thermo-elements are used for two purposes : 

(i) For measuring radiant heat. For this purpose a number of 

wires, alternately bismuth and silver, are joined at their ends, and 
connected to a galvanometer, the junctions 
being represented by the points AAA^V and A 
BBBB an the figure. The combination of A 
bismuth and silver is chosen, because it gives A 
a large E.M.F. The junctions AAAA are ex- ^ 
posed to the radiation and become heated, 
while the junctions BBBB are kept at room Fio. 547.—Principle of 
temperature. Hence a current flows through thermopile, 

the galvanometer which is proportional to the 

difference of temperature, since the latter is small, and hence to the 
quantity of heat received. An instrument of tiiis type in which the 
effect in multiplied by using several elements instead of one, is called a 
thermopile. 

(ii) For measuring the temperature of furnaces. For this purpose 
the thermo-couple is protected by a porcelain cover and placed inside 
the furnace, a combination of platinum with an alloy of platinum and 
iridium or with an alloy of platinum and rhodium being generally used. 
The arrangement is referred to as the thermo-electric thermometer. 

Peltier and Thomson Effects.—Peltier found in 1834, that when 
an electric current passes through the junction of two different metals, 
there is either a liberation or an absorption of heat, according to the 
direction of the current. The effect is proportional to the current, not 
to the square of the current as in the Joule effect. In the case of the 
iron-copper circuit described above, when the two junctions are at 
different temperatures, and the current flows from iron to copper 
through the cold junction, there is, according to Peltier, an absori>tion 
of heat at the hot junction and a liberation of a smaller quantity of 
heat at the cold junction. We have here the source of the energy of 
the current ; it is transformed heat energy. Just as in the case of the 
voltaic cell it was derived from the chemical energv of the constituents 
of the cell. 

Whenever a current is passed along a wire in whicli the temperature 
varies from point to point, there is a slight liberation or abs»>iption of 
heat. This effect, which of course exists in addition to the Joule effec t, 
is known as the Thomson effect after its discoverer, I.,ord !'lc'l\’iiL 

Examples IX 

1. How long will it take a current of half an ampere to (lepo.«,it J 
gram of silvei from a solution of silver nitrate ? 
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2. An acidulated water voltameter and an electrolytic cell, which 
contains copper sulphate and has copper electrodes, are connected 
in series. 10,000 coulombs are passed. How much hydrogen is 
liberated, and how much copper is deposited ? 

3. A steady current is sent for 20 minutes through (i) a solution ot 
hydrochloric acid (HCl) and (ii) a solution of cuprous chloride (CusClj). 
The volume of hydrogen liberated in (i) shows that 0*000621 gram of 
hydrogen was separated from the solution. Find the weight of copper 
deposited in (ii). 

4. A constant current was sent for half an hour through the coil of 
a tangent galvanometer, producing a deflection of 35^, and also through 
a copper voltameter containing copper sulphate in which 1*112 grams 
of copper were deposited. What is the reduction factor of the galvano¬ 
meter ? 

5. A Leclanchd cell supplies a current of 1 ampere for 5 minutes. 
Calculate the diminution in weight of its. zinc electrode, given that 
zinc is divalent, and that its atomic weight is 65, that the electro¬ 
chemical equivalent of silver is 0 001118, that silver is monovalent, 
and that the atomic weight of silver is 108. 



CHAPTER X 

INDUCED CURRENTS 

Faraday’s Experiments, —If a cylindrical coil of wire is con¬ 
nected with a sensitive galvanometer, and a bar magnet 
is suddenly thrust into the coil, as shown in Fig. 548, the galv'ano- 
meter indicates a momentary current through the coil. The 
current lasts only as long as the magnet is moving, and stops 
when the magnet comes to rest. If the magnet is suddenly with¬ 
drawn, we have again a momentary current, but this time in the 


N 


FlO. 648. 

opposite direction. Also thrusting in the south pole of the magnet 
produces a current in the same direction as withdrawing the north 
pole, and withdrawing the south pole produces a current in the 
same direction as thrusting in the north pole. 

If we have two cylindrical coils (Fig. 549), one called the 
secondary with a sensitive galvanometer in circuit with it, and 
another called the primary inside the first with a battery and key 
in circuit with it, when the key is pressed down we have an 
instantaneous current through the galvanometer. When the 
current is broken we have again an instantaneous current through 
the galvanometer, this time in the opposite direction. The effect 
is much increased, if the primary has a soft-iron core. 

If the key is pressed down all the time, and the primary is 
suddenly withdrawn from the secondary, there is an instantaneous 
current in the secondary in the same direction as when the pri¬ 
mary current is broken. This instantaneous current ceases as 

6«3 
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soon as the relative motion ceases. If the primary is thrust 
into the secondary with the key pressed down, an instantaneous 
current is again produced in the secondary, this time in the 
opposite direction. 

It is not necessary that the circuits should be cylindrical coils 
as shown in the diagrams. It is not necessary that the circuit 
containing the galvanometer should be at rest ; the instantaneous 
currents are produced equally well when the coil is slipped over 
the magnet or when the secondary is slipped over the primary, 
in fact, whenever there is relative motion of a circuit and a 
magnetic field. 

The above currents are known as induced currents and the 
phenomenon as electro-magnetic induction. They were dis¬ 
covered by Faraday in 1881. His results can be summed up in 
the following law : 

Whenever the number of lines of magnetic force threading a 
conducting circuit is aUeringy an uiduccd current flows round the 
circuit which continues only as long as the change is taking place. 

All the electric current used nowadays for lighting, heating, 
and driving machinery is produced by methods depending on the 
above law. 

Lenz’s Law.—If the primary and secondary consist of two 

® equal parallel coils situated close 

to each other, when the current 
Seconc/sry started in the primary, the 

induced current in the secondary 
is in the opposite direction, as 
Fio. 550. shown by the arrow (Fig. 650); 

it is known as the inverse induced 
current. When the current in the primary is broken, the induced 
current is in the same direction as the current in the primary and 
is known as the direct induced current. 

The field of the inverse current is opposed to the field of the 
primary current, and the field of the direct induced current is 
in the same direction as the field of the primary current. Thus, 
at make the induced current tends to prevent the field growing 
up and at break it prolongs its existence ; in each case it opposes 
the change taking place. The same result holds true in all cases, 
and a rule for obtaining the direction of the induced current is 
based on it. This rule was given by a Russian named Lenz 
shortly after Faraday’s discovery and runs as follows : 

The direction of the induced current is such as to oppose the 
change which produces it. 

We shall give two further examples of the application of the 
rule. Let us suppose there are two parallel straight wires in one 
of which a current is flowing, and that the distance between the 
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wires is increased. The current induced in the second wire by 
the motion must be in the same direction as the original current, 
because currents in the same direction attract each other, and this 
attraction will diminish the motion. 

Again, if current is flowing in a circular coh in an anti-clock- 
wise direction, it exerts a force on a north pole at the centre of 
the circle towards the observer. Consequently, if a north pole 
is moved towards the circle, the induced current is in the anti¬ 
clockwise direction, for a current in this direction opposes the 
motion. 

Magnitude of the Induced E.M.F.—If a current is induced 
in a circuit, and the wire of the circuit is replaced by one of another 
material, of exactly the same shape, the magnitude of the current 
changes, but the product current x resistance is the same in each 
case. The induced E.M.F. is independent of the resistance of 
the circuit. 

The electromotive force induced in a circuit is equal to the rate 
at which the number of magnetic lines of force passing through the 
circuit is altering. 

The rule gives the result in theoretical units. It must be 
divided by 10® to bring it to volts. 

Quantity of Electricity which passes. —If n is the change 
in a very short interval of time t of the number of lines of magnetic 
force passing through a circuit, njt is the average induced E.M.F. 
during this time, and the average induced current is consequently 
given by 



Hence the quantity of electricity that passes is given by 



Suppose that in any actual experiment the total change in 
the lines of force through the circuit is N. During the experi¬ 
ment the magnitude of the induced current alters greatly, but 
the time over which the experiment extends may be divided into 
intervals for each of which the current is approximately constant. 
Let ni, n 2 , n^, ... be the changes in the number of lines of 
force in these intervals. Then by the above reasoning the total 
quantity of electricity that passes is given by 



N 

R 


The result is independent of the rate at which the change is effected. 

Now Q may be measured by the ballistic galvanometer (p. 537), 
Hence N can be calculated. But if the ballistic galvanometer 
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is to measure Q accurately, the change must be completed before 
the needle has time to move appreciably from its zero position. 

Earth Inductor. —The earth inductor consists of a circular 
wooden frame round which is wound a coil of n turns of wire, 
and which is mounted so that it can be rotated about either a 
vertical diameter or a horizontal diameter of the circle. 

Let A be the area of the coil. Let us suppose that it is stand¬ 
ing with its plane vertical and at right angles to the magnetic 
meridian, and that it is connected to a ballistic galvanometer, 
the total resistance of coil and galvanometer being R. The 
number of lines of force through each turn of the coil is AH, where 
H is the horizontal component of the earth’s field, and the number 
of lines of force through the whole coil is nAH. If now the coil 
. is rotated about its vertical diameter, the number of lines of force 
passing through it decreases, becomes zero when the coil has 
turned through 90®, and increases to its former value, but in the 
opposite direction through the coil, when the latter has turned 
through 180®. Hence, if the coil is stopped at this point, the 
number of lines of force passing through the circuit has changed 
through the rotation from nAH to —wAH, which is equal to a 
total change of 2nAH. The quantity of electricity which passes 
through the galvanometer is consequently 

2nAH 

and if the scale of the galvanometer has been calibrated by the 
discharge of a known quantity of electricity through it, H can 
be calculated. 

If the plane of the coil is initially not at right angles to the 
meridian, when it is turned through 180® the quantity of elec¬ 
tricity passing through the galvanometer is not so great. Hence 
the coil can be used as a means of determining the direction of 
the magnetic meridian. 

Let us suppose now chat the coil is held with its plane hori¬ 
zontal, and then suddenly rotated through 180® about a horizontal 
diameter. The number of lines of force through it is initially 
nAV, where V denotes the vertical component of the earth’s 
field, and finally —nAV. Thus, the quantity of electricity which 
passes through the galvanometer is 

2nAV 

R 

If we divide this result by the previous one, we obtain V/II=tan 9, 
and so determine 0, the dip. 

Alternating Current.—Let us suppose that the coil of the 
earth inductor is kept rotating about a vertical diameter with 
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uniform angular velocity <*>, and that initially the normal to its 
plane is in the direction of the meridian. Then at time / it 
makes an angle cut with the meridian, the projection of its area 
upon a plane at right angles to the meridian is A cos cut, and the 
number of lines of force passing through it is 
nAH cos cut. 

Let a point Q (Fig, 551) describe a circle 
of radius a with uniform angular speed a> 
starting from D at /=0. Draw QP perpen¬ 
dicular to OD. Then, as Q moves round the 
circle, P moves backwards and forwards along 
the diameter DF. The displacement and 
velocity of P with respect to O are the com¬ 
ponents of the displacement and velocity of Q with respect to O. 
We have therefore 

displacement of P cos cuf 

velocity of P=rate of change of displacement =ccja sin cut 

That is, the rate of change of a cos cut is cua sin cut. By analogy 
the rate of change of nAH cos cut is nAllcu sin cut. Tiie current 
through the circuit is therefore 

nAHa> sin cut 
R “ 

This quantity becomes negative, and the current consequently 
changes its direction every half revolution of the coil. Such a 
current is known as an alternating current. The period of a 
revolution is 27r/a>; hence the frequency of the current is cu/27t 
cycles per second. 

For simplicity write the current C sin cut, where C is its 
maximum value. Then its mean value is zero, since sin cut is as 
often negative as positive. But the mean value of its square 

C2sin2aif=^ (1—cos 2aji) is ^ 

The square root of this quantity, C/\/2, is known as the root 

mean square of the eurrent. 


Faraday’s Ring.—Fig. 552 repre¬ 
sents Faraday’s ring, the arrange¬ 
ment by which he performed liis 
first successful experiment on in¬ 
duced currents. It is a copy of the 
first diagram in his ICxpcrimental 
Researches. The ring was an iron 
one, I inch thick and 6 inches in external diameter. Tl»e primary 
had about 315 and the secondary about 202 turns. 

Foucault or Eddy Curronts.—A changing magnetic licld inducee 


Secondar 



Primary 


Fig. 552.—Faraday’s ring. 
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Fig. 553. 


currents* not only in circuits formed of wires, but also in every mass 
of metal in the field. Such currents are called Foucault or eddy 
*5urrents. 

For example, if a horizontal bar magnet is executing torsional 
oscillations in the earth’s field about a vertical axis through its mid¬ 
point, and a large copper plate is placed close below it, the field through 
the plate changes owing to the motion of the poles, and currents are 
induced in the plate. These currents by Lenz’s law oppose the motion. 
Consequently, the oscillations of the magnet die down very rapidly. 

Again, if a copper disc is rotating with angular velocity co, with its 
plane at right angles to a magnetic field of strength H, each of the 
radii of the disc may be regarded as a wire which cuts through the lines 
of force of the field. The number of lines of force cut through in one 
revolution is 7rr®H, and the number cut through per second is 

Consequently an E.M.F. equal to icor*H is induced 
between the centre and edge of the disc. No current 
flows, however, because if we consider such a path 
as AOB (Fig. 553), the fall of potential on OA is 
equal to the gain of potential on BO, while the arc 
AB is at the same potential throughout, and there 
is thus no E.M.F. round the circuit. But if the 
field is not uniform, the E.M.F. between the ends 
of one radius is not the same as between the ends 
of another. Hence, if, while the disc is rotating, it 
is placed with its edge between the poles of a horseshoe magnet, 
currents are induced, and the action of the external field on these 
currents brings the disc to rest. 

Examp^.—A rectangular wooden frame of area 2000 sq. cm. 
which carries a coil of 100 turns round its edge, is set up with its plane 
vertical and at right angles to the horizontal component of the earth’s 
Biagnetic field. The value of the latter is 016 c.g.s. unit. The frame 
is suddenly rotated about a vertical axis through an angle of 180®. 
The resistance of the circuit is 40 ohms. Calculate in coulombs the 
quantity of electricity which flows round it. 

2nAH 2x100x2000x016 
^ R ~ 40 X108 

= 1*6 X 10”* coulomb 
e=16 micro-coulombs. 

Example. —A train is travelling at 60 miles per hour. The vertical 
component of the earth’s magnetic field is 0*44 c.g.s. unit. Calculate 
the E.M.F. between two points on an axle 4 ft. 6 in. apart. 

9 X 88 X 30-48* X 0-44 

No. of lines cut per sec. -- — - 

= 1-62x10* 

Therefore E.M.F. =0 00162 volt. 


Induction Coil. —The induction coil is a piece of apparatus 
used for producing a secondary or induced current of very high 
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voltage from a primary current of low voltage such as is yielded 
by a few cells. Fig. 554 shows one of a type much used for 
general laboratory work» and 
Fig. 555 gives a diagram of its 
connections. 

It consists essentially of a 
bundle of straight iron wires 
termed the core round which is 
wound a primary coil of one or 
two layers of thick copper wire. 

Outside this is the secondary 
which consists of a very large 
number of turns of fine wire 
insulated with silk and shellac. 

The core is made of wires instead of solid iron in order to prevent 
Foucault currents. The current enters and leaves the instru¬ 
ment by the terminals on the right at the back in Fig. 554. On 
the right at the front of the same figure is a commutator or re¬ 
versing key for changing the direction of its flow through the 
primary. In the middle is shown the “ break,** or device for 
stopping and starting the current through the primary, which 
except in large instruments, always takes the form of the hammer 
interrupter. 

This consists of a spring to one end of which is attached a 
piece of soft iron ; on the side is a platinum surface which rests 
against a platinum point fixed to a vertical pillar. The current 
passes up the pillar, through the platinum point to the spring. 


S pd.rf( G &.P 



Condenser 

Fio. 555.—Diagram of induction coil. 


and then round the primary. This magnetises the core, the core 
attracts the piece of soft iron, contact between the platinum 
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point and surface is broken, and the current is interrupted. The 
core then demagnetises, the spring flies back, contact is made, 
and the same cycle takes place over again. 

Whenever the primary current is made or broken, an E.M.F. 
is induced in the secondary, and if a wire is attached to one of 
the terminals of the secondary which are shown at the top of the 
coil in Fig. 554, and its end brought near the other, sparks pass 
across the gap in the same way as between the knobs of a Wims- 
hurst machine. The break takes place much more sharply than 
the make, the induced electromotive force is much greater one 
way, and the stream of sparks passes mainly in one direction. 
An induction coil delivers a greater quantity of high voltage 
electricity than a Wimshurst machine. It is found that if a 
condenser is connected across the break as shown in t'ig. 555, 
the working of the coil is greatly improved ; this condenser is 
usually contained inside the wooden base of the instrument. 

The largest induction coils can be made to give sparks 18 or 24 
inches long. The hammer interrupter is not suitable for use with 
such coils because the current arcs across the platinum contacts 
and destroys them. When an induction coil is in operation, the 
spark changes oxygen of the atmosphere into ozone ; the latter 
can easily be recognised by its very characteristic smell. 

The induction coil described above is sometimes referred to 
as the Ttuhmlcorjf coil to distinguish it from the Du Bois Raymond 
coil. The latter is used in physiology; the chief difference 
between the tw’o types is, that in the Du Bois Raymond coil the 
secondary slips off the primary, and that the distance betw'een 
the two, and consequently the length of the spark, can be 
regulated. It goes without saying that any one touching the 
secondary of an induction coil receives a shock, which in the case 
of a large coil may be dangerous to life. 

Magnetic Induction.—Let us suppose that we have a long solenoid 
with n turns of wire per unit length which carries an electric current. 
Then, as has been stated on p. 514, there is a magnetic field inside it. 
It may be shown that the strength of this field is given by 

H=47rnC 

where C is the current in theoretical units. The strength of the field 
does not vary with the distance from the axis, but it falls off at the 
ends of the solenoid, owing to the lines of force beginning to diverge 
out. 

Let us suppose that a circular coil of N turns is slipped along the 
outside of the solenoid. Then if A is the area of the cross-section of 
the solenoid, the number of lines through each turn of this secondary 
coil is All, and the number of lines through the whole secondary N?AH, 

If the current in the primary is reversed, the change in the number of 
lines through the secondary is ZNAH. and if th^ secondary coil is con- 
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nected to a baUistic galvanometer, the whole resistance of the secondary 
circuit being R, a quantity of electricity 

2NAH: 

R 

flows through the galvanometer. The galvanometer deflection is 
consequently a measure of the number of lines per cm,* through the 
solenoid. If the secondary coil is slipped along the solenoid, the 
galvanometer deflection is always the same, except when it approaches 
an end. 

It has already been mentioned (p. 553), that the induced current 
is much increased when the primary has a soft-iron core. Let us 
suppose that a uniform solid cylinder of soft iron is introduced inside 
the solenoid, that it Alls it from end to end, and that the galvanometer 
deflection is increased in the ratio 1 to It will be found by slipping 
the secondary along the solenoid, that it is increased in the same 
ratio everywhere except near the ends of the solenoid. The number 
of lines of force per cm,* must consequently be increased by the pre¬ 
sence of the iron in the ratio 1 to /x. The number of lines of force per 
cm.* is called the magnetic induction in the iron and is always denoted 
by B. Hence 

B=^H 

f4 is ciilled the permeability of the iron. Magnetic induction has not the 
same dimensions as magnetic field intensity, but it would go beyond 
the scope of this book to explain the difference fully. 

If the iron core is cut in two and the parts replaced in the solenoid 
with a short air gap between them, the deflection is increased in the 
same ratio when the secondary coil is placed round the gap, as when it 
is placed round the iron. This is because poles form on both sides 
of the gap. The pole strength per cm.* is called the \nieus\ty of magneti¬ 
sation of the iron, and is always denoted by I. It has been shown, 
p. 44G, that the number of lines of force diverging out from a pole 
of strength m is 4nrm. The number of lines of force leaving one cm.® 
on each side of the gap is consequently 47rl. These go straight across 
the gap parallel to the axis of the solenoid. Hence 

B = H -}-4TrI 

The ratio of the intensity of magnetisation I to the field strength 
producing it is called the susceptibility and is usually denoted by k. 

I=AH 

Let us return now to the case of the undivided iron core ; it has, 
of course, poles at each end of strength AI. The lines of magnetisa¬ 
tion due to the iron, 47 tAI in number, pass inside the body of the core 
from the south pole to the north one, and then back through the air, 
or through the air and the solenoid itself, from the north pole to the 
south one. They are tlius closed curves. This is in contradistinction 
to electrostatics, where the lines of force always end in a positive or a 
negative charge. Moreover, in passing back through the solenoid 
from the north pole to the south one, they oppose II, the original 
magnetising field of the solenoid, and their action in this respect is 


562 


EX.EOTRIOITY AND MAGNETISM 


referred to as the demagnetising effect of the poles. If the core is a 
long one, the demagnetising effect of the poles which are then at a 
considerable distance, can be neglected at points near its middle. 

BH Curve.—Since the working of modern electrical machinery 




depends on induced currents, a knowledge of the permeability of iron 
is of very great practical importance. It is not constant, but varies 

with the magnetising force; it can be 
measured by two different methods, the bal¬ 
listic method and the magnetometric method. 
In the former the iron rod experimented on 
is placed inside a solenoid with a secondary 
coil, and the permeability calculated from 
the quantity of electricity which passes in 
the secondary when a given field is applied. 
In the magnetometric method the iron is 
placed inside a solenoid and magnetised ; its 
poles then deflect a magnetometer needle, the 
instrument being simply a refinement of that 
described on p. 457. 

Fig. 55G shows the nature of the results 
obtained for iron, when the magnetising field 
is gradually increased from zero. The abscissae 
represent H, the ordinates B. At first the 
increase of B with H is slow, then there is 
a portion of the curve for which it is rapid, 
then it becomes slow again, and the curve 
is finally a straight line. At this stage in 
the expression B=H 4-47 tI, I has become constant, the iron is said to 
be saturated, and the further increase in O is due solely to the increase 
m tL 



Fig. 567.—Hysteresis 
curve. 
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If the magnetising field H is increased from zero to a maximum 
ralue, and then gradually decreased to zero again, the curve repre¬ 
senting B is not the same on the way down as on the way up. Fig. 557 
represents what happens. OG is the initial portion of the curve, simply 
a reproduction of part of Fig. 556 on a smaller scale. Then when H 
is decreased to O, B diminishes to D. If H is reversed and gradually 
increased, B diminishes to E. When H has attained the value it had 
at G but with the sign changed, B has diminished to F. If now the 
value of H is diminished to O, reversed, and increased to its former 
maximum value, the change in B is represented by the curve FJG. 
From the curve it is clear that the magnetisation lags behind the 
magnetising force, that it depends not only on the magnetising force 
but also on the previous history of the specimen ; this lagging effect 
is known as magnetic hysteresis, and the curve GDEFJG is called a 
hysteresis curve. The value of I corresponding to the point D is known 
as the residual magnetism, and the value of H corresponding to the 
point E as the coercive force. 


Examples X 

1. A circular coil is suddenly thrust over the N. pole of a magnet 
which is fixed in a vertical position with the N. pole up. Is the 
direction of the induced current clockwise or counter-clockwise when 
viewed from above ? 

2, A straight horizontal wire one metre long is falling vertically 
with a velocity of 500 cm. per sec., and its length is at right angles to 
the magnetic meridian. What is the magnitude in volts of the E.M.F. 
induced between its ends, given that H=0'17 c.g.s. unit ? 

8. A disc of 10 cm. radius is rotated at a speed of 50 revolutions 
per second in a vertical plane at right angles to the magnetic meridian. 
Calculate the E.M.F. between the centre and the edge, given that 
H=0'17 c.g.s. unit. 

4. Calculate the magnetic field strength inside a solenoid 120 cm. 
long which has 8000 turns, when a current of one ampere is flowing 
in it. 


CHAPTER XI 


TECHNICAL APPLICATIONS OF ELECTRICITY 

Incandescent Lamp. —It has already been explained on p. 523, 
that when a current is passed through a wire, heat is evolved, 
and that in certain circumstances the wire may become red hot. 
Ihis IS the principle of the incandescent electric lamp, which 
consists of a thin filament of carbon or tungsten sealed into a 
glass bulb from which the air has been evacuated. It is necessary 
that tho filament should have a high melting point, for the hotter 
^ IS, the more light it gives for the same consumption of energy. 
Platinum was tried first, but was not a success, for it had to be 
raised n^rly to its melting point in order to giv'e light economi¬ 
cally , and an accidental variation of the current was then sufficient 
to burn the wire through. Carbon was then used successfully for 
many years, but has now been supplanted by lamps with tungsten 
filaments sold under trade names such as Osrara, Mazda, etc.; 
these were first introduced about 1906. The filament is enclosed 
in a vacuum to prevent it oxidising ; the vacuum has also the 

effect of preventing loss of heat by conduction to the sides of the 
bulb. 

It is customary to rate the performance of an incandescent 
lamp or glow lamp, as it is sometimes called, in watts per candle. 
A 16-candle-power carbon lamp, when run off a 250-volt lighting 
circuit, usimUy takes about 0-22 amp. Its rate of consumption of 
energy IS CE =0-22 x 250 =55 watts, and the number of watts 
required per candle is consequently 55/16=3-4. The tungsten 
lamp requires only 1-25 watts per candle, and so gives roughly 
three times as much liglit for the same expenditure of energy. 

In the ordinary incandescent lamp, as has been mentioned 
above, the filament is enclosed in a vacuum. It was discovered 
before the war, that if the bulb of the lamp were filled with an 
inert gas such as argon or nitrogen, the filament would stand a 
higher temperature without disintegrating, and more light would 
be obtained for the same expenditure of energy. Such lamps 
were consequently put on the market under the name of the 
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Half-Watt Lamp. As a matter of fact they require six-tenths of 
a watt per candle. 

Example.— A room is illuminated by a 40-watt Osram lamp. 
Calculate the cost of running it per hour, (i) at the lighting rate ol 
6d. per unit, (ii) at the heating rate of Id. per unit. 

The unit is the kilowatt-hour. The results are 

0 04d. The smallest electric radiators for warming a room take about 
J of a unit, so require about twenty times as much current as a lamp 
of average size. 

Arc Lamp. —If two rods of carbon which are at a potential 
difference of 70 or 80 volts are brought into contact for an instant 
and then suddenly pulled apart, an electric discharge characterised 
by intense light and heat passes between them. This constitutes 
the electric arc. The o|>eration of bringing the carbons into con¬ 
tact and then withdrawing them is known as “ striking the arc.” 

After the discharge has passed some time, the end of the 
positive carbon or anode becomes hollowed out, and the end of the 
negative carbon or cathode becomes pointed. Both carbons are 
consumed by the arc, the positive one twice as fast as the negative 
one. 85 per cent, of the light of the arc comes from the crater or 
hollow on the positive carbon which has a temperature of about 
4000® Abs., the rest from the cathode and the vapour between 
anode and cathode. If the current is too large, the lamp begins to 
hiss ; if the distance between the carbons becomes too great, the 
arc goes out. The carbons of the arc lamps used for strei^t lighting 
strike and feed together automatically, but in the arcs used for 
projection work this is usually done by hand. 

Arcs used for street lighting are enclosed in a tightly fitting 
glass globe so as to restrict the supply of air and lengthen the life 
of the carbons. Instead of mounting the carbons coaxially they 
are inclined to one another with the anode pointing downwards ; 
the crater can thus radiate freely without being obscured by the 
negative carbon. Also the carbons have cores containing salts 
of strontium, calcium, barium, and titanium. This has the effect 
of making the luminous vapour between the electrodes develop 
into a brilliant flame w’hich then gives the greater portion of the 
light. The flame arc, as this type is called, is the most efficient 
of all illuminants, requiring only J watt per candle. 

Electric Furnace. —There are two types of electric furnace. 
The first, which consists of a fire-clay tube round which is wound a 
heating coil, is used for temperatures up to 1500® C., the whole 
being protected against loss of heat. The substance to be heated 
is placed inside the tube. Electric heaters, radiators, kettles, 
ovens, all operate on the same principle, the heat being generated 
in coils of wires. 
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The second type of furnace is used for higher temperatures, and 
consists of an arc the carbons of which are embedded in a block 
of lime or fire-clay. The carbons are horizontal and in the same 
straight line. The substance to be heated is placed in a cavity 
between the electrodes, slightly below them, and a very strong 
current is passed. 

Electric Bell. —^Fig. 558 shows the construction of an electric 
bell. G is the gong and H the hammer; the latter is attached 

to a piece of soft iron, A, called the 
armature, which carries a light spring S, 
and is itself held in position by the 
spring N. The spring S makes contact 
with the point of a screw. M is an 
electromagnet. Besides the bell the cir¬ 
cuit contains the bell push K, which is 
simply a contact key, and the battery B, 
usually two Leclanche cells. 

When current is made by the bell 
push, it flows across the contact at S 
and round the coils of the electromagnet, 
magnetising the latter. The electro¬ 
magnet then attracts the armature, and 
the hammer strikes the gong. But when 
the armature is attracted, the circuit 
breaks at S, the magnet demagnetises, and the armature flies 
back. Contact is then made again, the armature is attracted, 
and the hammer strikes the gong. And so on; the bell keeps 
ringing as long as the bell push is pressed. 

Electric Telegraph. —In the following table the Morse code 
ordinarily employed in telegraphic signalling is given : 


A- 


c 

B 

— — — — 

o • 


L_— — 

X — 

D- 

\r _ 

U — —. 

V___ 

E - 

N_ 

w__ 

F- 

O_— 

^ ___ 

G 

p __ 

Y — 

H- 

Q __ ^ 

z — — - 

I -- 

R- 



Call-. One dasli^three dots. Space between signals 

forming same letter =one dot, space between letters three dots, 
space between words =five dots. 

If a circuit contains a battery, reversing key, and galvano¬ 
meter, the galvanometer being distant some miles from the 
battery and key. signals can be sent from the key to the galva- 
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nometer by denectljig the needle either to the right or to the left. 
This was the principle of some of the older forms of telegraph ; the 
needle was vertical, a deflection of the upper end to the left being 
equivalent to a dot, and a deflection of the upper end to the right 
being equivalent to a dash. Nowadays the Morse sounder, an 
electromagnet with its armature supported by a spring, is us^d 
instead of the galvanometer. Whenever the key at the sending 
station is pressed, the armature at the receiving station is pulled 
down against the magnet; when the circuit is broken, it springs 
back. The armature can be made to carry a pen, below which a 
tape is drawn at a uniform rate, so that when the current is made, 
the pen presses down on the paper and writes dots and dashes, 
but in practice the operators read the messages by ear alone. 
Whenever the armature strikes the magnet, and whenever it 
springs up, it makes a click, and the letters can be read by the 
intervals between the clicks. 

In the early days of telegraphy a double circuit was used, but 
it was found in 1837, that the return wire might be dispensed with. 


Sending Station. 



Receiving Station, 


K 



Earth. 


Earth 


Fio. 559.—Simple telegraph circuit. 


and the earth itself used as return conductor. This is the universal 
practice nowadays ; Fig. 559 shows the arrangement, the ends 
of the wires being attached to copper plates which are buried at 
some depth in the earth, so as to make good contact with the latter. 

Telegraphic Relay. —If the signals are sent a long distance, 
owing to the resistance of the wire the current may be too weak 
to work the Morse sounder. In this case it is sent through a small 
magnet or relay., the coil of which has many thousand turns of 
wire ; this magnet attracts a light armature and closes a local 
circuit at the receiving station, consisting of battery and sounder. 
When the relay demagnetises, the circuit breaks. The click of the 
relay itself is too faint to be heard easily. By this arrangement 
the Morse sounder is worked at the expense of a battery at the 
receiving station, the function of the signals being simply to turn 
the current on and off. 

Telephone. —The telephone, which was invented by Graham 
Bell in 1875, consists at each end in its simplest form of a bar 
magnet round which there is a coil of wire, these coils forming part 
of a circuit of which the earth is the return wire. In front of each 
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coil IS a thin iron diaphragm, almost touching the end of the 
magnet. When the diaphragm at the one end is spoken into, 
it vibrates under the influence of the sound wave, and alters the 
number of lines of force which pass through the coil. Induced 
currents are thus set up in the circuit; these alter the strength of 
the field in which the iron diaphragm at the other end of the line 
is situated, it executes the same vibrations as the first diaphragm, 
and consequently reproduces the sounds which cause the latter to 
Vibrate* The distance through which the diaphragms move is 
extremely small, about one millionth of an inch. The Bell tele¬ 
phone may thus be used both as transmitter and receiver. It is 
independent of an electric battery, but the voltages generated 
are so small, that they cannot overcome the resistance of a long 
circuit. 

in modern practice an instrument of this type is still used as 
receiver, a horseshoe magnet being substituted for the bar magnet, 
but a return wire is provided, and a transmitter working upon a 
different principle, sometimes called the microphone transmitter, 
is used. At the back of the diaphragm is a little chamber filled with 
granulated carbon. As the diaphragm vibrates, the electrical 
resistance of this carbon alters, and the strength of a primary 
current which flows through the carbon also alters. This primary 
current then flows round a soft-iron core, round which the tele¬ 
phone wire is wound as secondary, and its variations induce 
currents on the telephone line, which actuate the diaphragm at the 
other end. The primary current is provided by a battery. This 
type of instrument carries much farther than the original instru¬ 
ment. It was invented in its original form by an English clergy¬ 
man named Runnings. 

Microphone. —Fig. 560 represents the first microphone, which 
was invented by Hughes. A piece of gas carbon C, pointed at both 

ends, rests lightly in notches cut in two pieces 
of the same kind of carbon A and B, moimted 
on an insulating support, and the apparatus is 
connected in circuit with a single cell and a tele¬ 
phone receiver. The resistance of the carbon 
contacts changes with the pressure to which they 
are subjected, hence any slight disturbance of 
the contacts produces a change of the current 
in the circuit. The sensitiveness of the instru- 
Fic. 3G0.— ment is very great; the ticking of a watch 

Microphone. placed on the base of the instrument is heard in 

the telephone like the strokes of a hammer. The 
prii^iple IS the same as is applied in the microphone transmitter. 

Dynamo.—It has already been explained on p. 557, in con* 
nection with the earth inductor, that if a coU of n turns and area A 
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is rotated with angular speed oj in a field of strength H, the 
direction of which is at right angles to the axis of rotation, an 
E.M.F. is induced in the coil equal to 

nHAco sin oit 

The dynamo, the machine by which electricity is generated on 
a large scale for lighting, heating, traction, etc., is in principle 
simply an arrangement of this nature in which the rotating coil, 
or armature, is turned by a steam engine or by water-power. 
The ends of the coil are fastened to two metal rings (Fig. 561) 
which rotate about the same axis as the coil. The “ brushes ” 
of wire gauze or carbon press lightly against these slip rings, and 
so enable contact to be made w’ith the fixed external circuit. 

The current produced in this way is, as has been mentioned 
on p. 557, alternating current (A.C.) and the machine producing 




Fig. 501. — Coil producing altcrnatirig Fig. 5G2.—Rotating coil with 

F.M.P, commutator. 

it is an alternating current dynamo. For lighting and heating 
alternating current is as useful as direct current (U.C.). 

The rotating coil can, however, be converted into a direct 
current dynamo by employing the commutator shown in Fig. 5G2. 
This consists of a split ring which rotates on the same axis as the 
coil does, and the two halves of which are insulated from one 
another. One half is connected to the one end of the coil and the 
other half to tlie other end. the coil is in the position 

shown in the figure, the rate at which the lines of force arc being 
cut, and consequently the F.M.F., is a maximum, and it can be 
shown by Lenz’s law that for the given direction of rotation the 
induced current is in the direction indicated by the arrows. Wdien 
the coil has turned through 00® and the induced F..M.F. is zero, 
each brush passes from one half of the ring to the other. W'lien the 
coil has turned through 180® and the K.M.F. is in the other 
direction round tlic coil, contact is made on the other lialvcs of 
the ring. So the current goes round tlic external circuit the same 
way. It is represented in magnitude as a funetion of the time 
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by the curve shown in Fig. 563, a sine curve with the sign of the 
negative part reversed. 

The current, though now always in the same direction, is not 
constant in magnitude. In a dynamo for actual use the inequalities 
, _ must be smoothed out. This 

—is done by using an armature 

Fig. 6G3. of complicated design, the 

current from which is repre¬ 
sented by the superposition of several curves of the above type, 
all having the same period but with their maxima arranged at 
different places, so that the sum of the ordinates is nearly a 
straight line. 

The field in which the armature turns is provided by a large 
electromagnet, the field magnet, which is excited by the current 
generated by the dynamo itself. There is always sufficient 
magnetism left in the magnet to start the current, and the latter 
once started increases the field strength. If the coils of the field 
magnet arc connected in series with the dynamo and external 
circuit, the dynamo is said to be series wound ; if the coils of 
the field magnet arc connected in parallel with the external 
circuit, so that only part of the current produced by the dynamo 
flows tlurough them, tlic latter is said to be shunt wound l if some 
of the coils of the field magnet are scries wound and some are 
shunt wound, the dynamo is said to be compound wound. 

Electric Motor.—It has already been explained on p. 585, 
that when a current flows round a coil in a magnetic field, the 
coil turns into a position in which its plane is at right angles to 
the direction of the field. The coil behaves like a magnet of 
moment CA, where C is the current and A is the area, and the 
action of the moving coil galvanometer is based upon this fact. 

If an ordinary compass needle is deflected, and then allowed 
to return to its position of equilibrium, its momentum will carry 
it beyond this position. Suppose that, when it reaches the 
position of equilibrium, the control field is reversed in direction ; 
then it swings through another 180®. If the field is again reversed 
when it is passing through the new equilibrium position, it con¬ 
tinues through a second 180®. And so on ; by reversing the 
field, the magnet is kept in continual rotation. 

Let us consider once more the coil represented in Fig. 562. 

If a current is passed through it from a battery, the coil turns 
into the position in which its plane is at right angles to the direction 
of the field, and its momentum carries it beyond this position. 
As it passes this position the commutator reverses its polarity, 
and a half revolution takes place. Then comes a further reversal 
and another half revolution, and so on. The case is the same as 
the preceding one except that here it is the sign of the poles, not 
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the direction of the field, that is altered. The energy of the 
battery is converted into energy of rotation of the coil, and can 
be used for raising a weight or doing other mechanical work. The 
electric motor consists essentially of a coil rotating in a magnetic 
field in this manner ; it is simply a reversed dynamo. 

Barlow's Wheel. Faraday’s Disc. — ^The principle of the 

dynamo and the motor can be illustrated by certain lecture table 
experiments : 

Let us suppose that a straight wire is hung vertically from a 
hook about which it is free to turn, with its lower end dipping into 
a pqol of mercury, and that a horseshoe magnet is placed with 
its poles one on each side of the wire, so that the lines of force 
intersect the wire at right angles. Then, if a current flows down 
the wire, a force acts on the wire at right angles to the lines of 
force and the current. This force causes the wire to swing side¬ 
ways about its point of support, and its lower end leaves the 
mercury. The current then breaks, the wire swings back, contact 
is re-established, the force once more deflects the wire, and so on ; 
the wire keeps swinging in and out of the mercury. 

Fig. 564 represents a piece of apparatus known as Barlow’s 


wheel. It consists of a star-shaped 
copper disc, one point of which dips 
into a mercury trough. There are two 
terminals, one of which is connected 
to the brass pillar, and the other of 
which is connected to the mercury 
trough ; when the terminals arc con¬ 
nected to a battery, a current passes 
up the pillar to the axle of the disc, 
and then down a radius of the disc to 



the mercury. The radius plays the 

part of the wire in the previous experiment. If a horseshoe 
magnet is placed with its poles one on each side of the lowest 
blade of the star, the lines of force meet the disc at right angles, 
and the star begins to rotate. This causes the point to move 
out of the mercury and breaks the current. The force conse¬ 
quently ceases, but the momentum acquired is sutficient to bring 
the next point into the merctiry, and the star receives another 
impulse forward. And so it rotates in a series of jerks, the 
apparatus forming a simple electric motor. 

It is not necessary that the disc should be star-shaped. An 
ordinary circular disc which makes contact all the time, rotates 
in the same way when the field is applied, for the radii may be 
regarded as a scries of wires, and when one loses contact, the 
force acts on the next. 

Fig. 565 represents an apparatus due to laraday. A copper 
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disc is rotated by a handle ; it passes between the poles of a magnet, 
shown in this case in the diagram, and cuts the lines of force at 

right angles. Consequently, an 
E.M.F. is set up between the 
centre and rim of the disc. A 
thin strip of copper makes contact 
with the rim of the disc, and is 
connected to the one terminal, 
and the axle of the disc is con¬ 
nected to the other. Hence if 
the terminals are connected |>y a 
wire, a current passes through it 
Fig. 5C5. — Faraday’s disc. when the disc is rotated, the 

apparatus forming a simple 
dynamo. All the current from the rim to the axle docs not pass 
by the wire ; some, as has been mentioned on p. 557, flows back 
as Foucault currents through the disc. 

Back E.M.F. in Motor.—Let us suppose tliat a battery of 
electromotive force E and negligible resistance is connected to a 
series wound motor the resistance of the armature and magnet of 
which is R. Then before the armature is set into rotation, the 
current through the motor is equal to E/R. 

When the armature moves, its coils cut the lines of force of the 
field magnet, and an induced electromotive force, called the back 
E.M.F., is set up in it, just in the same way as if it were moved 
by hand. Let us denote this electromotive force by E'. By 
Lenz’s law it tends to stop the motion, that is, it acts against 
the E.M.F. of the battery which is causing the motion.* The 
resultant E.M.F. in the circuit is consequently E—E% and the 
current is given by 

^_ E-E- 

R 

When the motor is starting, the back E.M.F. is zero. If the 
full E.M.F. of the battery were applied to it, the current might 
overheat the coils and ruin them. It is usual, therefore, to 
employ a starting resistance in series with the motor. As the 
speed rises, the back E.M.F. increases, and this resistance is 
gradually cut out; the driver of an electric tramcar can be seen 
throwing out his resistance by means of a switch, whenever he 
increases speed. 

Application of the Energy Principle.—Since for a series motor, one 
in which the armature and magnet coils arc arranged in series, 

CR=E—E' 

we obtain, on multiplying by C, 

C*R—CK—CK' 
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Now the terms in this equation give the rate at which heat is being 
produced, the rate at which work is being done by the battery, and the 
rate at which work is being done in turning the armature, and the 
equation states that the first is equal to the difference of the other two, 
a result which might have been inferred from the energy principle. 
It has been derived here without the aid of the energy principle. 

The terms C^R and CE undoubtedly represent the rate of production 
of heat and the rate at which work is done by the battery. The 
energy principle requires that there should be a third term in the 
equation in addition to these two, or, in other words, that there should 
be a back E.M.K. We can thus infer the existence of the back E.M.F. 
without using the laws of current induction. In fact, the laws of current 
induction themselves may be inferred from the energy principle ; it 
was not necessary to discover them experimentally. 

Efficiency of Motor.—The electrical efficiency of a series motor, 
the ratio of power spent in producing rotation to total electrical power 
supplied, is given by CE7(CE) or E'/E. 

The rate at which power is spent in producing rotation and doing 
external work, CE7 is equal to 

(E—EOE' 

R 

It is consequently zero when E'«0 and E's^E, and a maximum when 
E' = iE. So most work is obtained from the motor when the back 
E.M.F. is equal to half the applied E.M.F., but, of course, the higher 
the back E.M.F. is above this value, the more economically the work 
is being obtained. 

Magneto.—The magneto, the spark from which is used to explode 
the gases in an internal combustion engine, has primary and secondary 
coils like an induction coil. But instead of using a battery tlie current 
in the primary is produced by rotating both primary and secondary 
coils together in the field of a permanent magnet. 

Transformer.—The transformer is in principle somewhat similar to 
the induction coil, except that the core is usually in the form of a ring, 
so as to concentrate the lines of force through it as much as possible, and 
an alternating current is used in the primary instead of a direct current 
interrupted by a break. 

If the current in the primary is C cos a>/, the number of lines of force 
through the secondary is proportional to this and also to the nun»bcr 
of turns in the secondary. It consetjuently varies as 

NC cos u)t 

where N is the number of turns in tlie secondary. The E.M.F. in the 
secondary is proportional to the rate of change of this, which has been 
shown on p. 557 to be 

NCa> sin cu/ 

The E.M.F. in the secondary is thus an alternating one, of the same 
frequency as the primary current, and it is proportional to N. It 
may, therefore, according to the magnitude of X, be eitiicr greater or 
less than the E.M.F. in the primary. In tfie former case the trans¬ 
former is said to be a step-up transformer and in tlic latter case a step- 
down transformer. 
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Since the rate of production of energy by a dynamo is equal to 
the product of E.M.F. and current generated, it is clear that in order 
to transmit 20,000 watts to a distance, we may use, for example, 
either an E.M.F. of 200 volts and a current of 100 amperes or an 
EJW.F. of 2000 volts and a current of 10 amperes. If the wire is the 
same in each case, the energy wasted in heat in the wire is 100 times 
as great in the first case as in the second. Hence in transmitting 
power to a distance, high voltage currents are employed. These are 
always alternating, and they are converted by a step-down trans¬ 
former at the place .where they are to be used, to a voltage more 
suitable for domestic supply. 


Examples XI 

1. A room was illuminated by four 16-candlc-power carbon lamps 
which required 3^^ watts per candle. These were replaced by two 40- 
watt metal filament lamps which gave each about 32 candles, and finally 
by one 60-watt half-watt lamp which gave about 100 candles. Calcu¬ 
late the cost per hour in each case, given that the Board of Trade 
unit costs 6cf. 

2. An electric bell is to be installed, so that it can be rung from 
separate rooms from the same battery. Show how to make the con¬ 
nections. 

3. Will it take more work to rotate a dynamo armature when the 
circuit is closed than when it is open ? 

4. A single dynamo operates 10,000 incandescent lamps at 250 
volts. The lamps are arranged in parallel and each takes 0*16 amp. 
What is the total current furnished by the dynamo, and what is its 
activity in kilowatts and in horse-power ? 

6. The same power is to be sent over two lines from a power station 
to a distant point. The one current is transmitted at 250 volts and 
the other at 10,000 volts. What must be the ratio of the areas of the 
cross-sections of the two lines, if the heat loss is to be the same in each 
case ? 


CHAPTER XTl 


CATHODE RAYS, X-RAYS, AND RADIOACTIVITY 

Electric Discharge in High Vacua.—The present chapter gives 
an account of some of the principal results of the modern period 
of physical research. These deal with the nature of electricity 
itself and the nature of matter which is closely bound up with it; 
the investgations leading to them started from a study of the 
discharge of electricity in high vacua made towards the end of last 
century. 

When an induction coil is working, if the terminals’ of the 
secondary are pushed close enough together, sparks pass between 
them. The sparking potential as it is called, or the potential 
difference at which the resistance of the air just breaks down, 
is at ordinary temperature and pressure about 20,000 or 30,000 
volts when the spark gap has a length of 1 cm. ; it varies some¬ 
what with the shape of the terminals, and increases with the length 
of the gap. If the potential difference between the terminals is 
less than the sparking potential, the insulation is not quite perfect, 
but the conductivity in this case is very much less than when 
sparks pass. 

Let us suppose now that a glass tube about 30 cm. long 
(Fig. 566) is provided witli aluminium electrodes A and K attached 
to platinum wires sealed in 
through the glass, that it 
is connected by a side tube 
to a pump, and that the air 
or other gas in the tube is 
gradually exhausted. Let 
us suppose at the same 
time that the electrodes A and K are connected to the terminals 
of an induction coil, A to the positive and K to the negative 
terminal. As has already been mentioned, the discharge from 
an induction coil is practically uni-directional. 

At first no spark will pass at all. Then as the pressure is 
decreased, a spark passes in a thin bright line with a crackling 
noise. As the pumping is continued, this line spreads out until 
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its glow fills the whole tube. The discharge becomes at the same 
time much smoother, and at this pressure, a millimetre or so of 
mercury, the difference of potential necessary to maintain the 
discharge is a minimum. The colour of the glow depends on the 
gas in the tube. 


Ordinary Geissler tubes are simply tubes of this nature with 
constricted portions so as to concentrate the discharge and make 
it brighter, or twisted into fantastic shapes and made of fluorescent 
glass so as to give pretty colour effects. 

Cathode Rays. —If the tube is exhausted to of ^ milli¬ 
metre or so, the character of the discharge is entirely changed. 
-— _ j. The residual gas in the tube 

becomes dark, and a pencil of 
^ (ill A ~almost invisible rays, the cathode 
vTK proceeds out from the 

^ cathode towards the anode. These 
^ rays have the following properties : 

Fio.567.—Shadow cast by cathode (1) When they fall ah the glass 

rays. of the tube, they cause it to glow 

with a greenish fluorescent light, 

(2) They travel in straight lines. This may be shown by the 
tube represented in Fig. 567 which has an aluminium cross for 


A— 


Fio.567*—Shadow cast by cathode 

rays« 


anode. The end of the tube at C glows with a greenish light 
except where the cross casts a well-defined shadow on it. 


(3) They can pass through thin sheets of aluminium foil or gold 
leaf without making holes in them. 

(4) They exert mechanical pressure. This may be shown by 
the tube represented in Fig. 568 which contains a small paddle 



Fig. 5G8»—Meclianical effect of cathode rays. 


wheel with mica vanes. The axle of the tube rolls on glass rails, 
and the rays from K strike the upper vanes at B, and cause the 
wheel to roll along the rails. 

(5) They carry a charge of negative electricity. This can be 
shown by receiving them in a metal cylinder connected to an 
electroscope. 
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(6) They are deflected both by a magnetic and by an electro¬ 
static field. In order to show this a narrow pencil is required ; 
the latter is obtained (Fig. 569) by allowing the rays to fail on a 
brass plate B which has a small hole at its centre. The narrow 
pencil passing through the hole produces 
a bright patch of light on the glass at C. 

If the pole of a magnet is brought near 
the tube, this patch of light is deflected 
to some such position as D, the pencil of 
rays behaving exactly as if it were a 
flexible wire carrying an electric current 
towards the cathode. If the tube is fitted 
with two metal plates like the plates of 
a parallel plate condenser, one of which 
is earthed and the other charged to a high potential, so that the 
lines of force go straight across from the one to the other, and if 
cathode rays are passed between these plates at right angles to 
the lines of force, then they are deflected in the same direction as 
a negative charge would be deflected. 

Nature of Cathode Rays. —For a long time there was a 
controversy as to the nature of cathode rays. On the one hand it 
was thought that they were a kind of invisible light, propagated 
by wave motion. The property numbered (3) above pointed in 
this direction. On the other hand it was maintained tl>at they 
were streams of negatively charged particles shot off with great 
velocity from the cathode. It was decisively shown by Sir 
J. J. Thomson and his co-workers in 1898, that the latter view was 
the correct one, and that the particles involved, now known as 
electrons, w'cre not the atoms or molecules previously familiar 
to physicists but something new and much smaller, with a mass 
equal to that of the hydrogen atom and with a velocity 

which varies from 10® to lO^® cm. per sec., i.e. from one-thirtieth 
to one-third of the velocity of light. The ratio of the charge to 
the mass of the electron was found to be 1*77x10^ electro¬ 
magnetic units per gram. Since 1898 electrons have been found 
to play a part in many other phenomena besides those of the 
cathode ray tube, always with the same charge and the same 
mass. It is consequently now universally accepted, that they are 
one of the constituents out of which atoms are built, and that 
electricity itself has an atomic constitution, all charges of electricity 
being exact multiples of the charge carried by an electron. 

Calculation of the Results.—It has already been stated (p. 531.), 
that when a current C flows in a straight wire at right angles to a 
magnetic field of strength H, the wire is acted on t)y a force t'll per 
unit length at right angles to itself and to the field, het us suppose 



Fig. 569.—Deflection of 
cathode rays. 
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that the current consists of a procession of electrons, each of which has a 
charge e measured in electromagnetic units, and a velocity and that 
there are n of them to the unit of length. All those in a length v will 
pass a given point in the wire in unit time. Hence the quantity of 
electricity passing any given point in the wire in unit time is nve, that 
is, the current C=ni;c, and the force on the wire per unit length can be 
written nveH. The force must be exerted on the moving electrons, 
since there is no force when there are no moving electrons. Conse¬ 
quently, there is a force on each electron equal to 

Uev 


and the electron has an acceleration at right angles to its direction of 
motion given by 

Uev 

a=- 

m 

where m is its mass. 


Let us suppose that the acceleration is produced by an electric field of 
strength F acting at right angles to v. Then 



Fig. 570. 


a= — 
m 

If an electron has a velocity v represented 
by OA (Fig. 570), and in time t acquires a 
velocity at right angles to v represented by 
OB, the resultant velocity after time t is repre¬ 
sented by OC. The direction of motion has 
been changed from OA to OC, i.e. it has been 
deflected through an angle given by 


AC at 
tan 0^/^- = — 

OA V 

Let I be the length which would be traversed in time i if there were no 
deflection. Then 


/=vt 


and tan 0 = 


ai 


For the electrostatic field 
which reduces to 


tan 0-= 



Vet 

mv* 

Fel 


since 0 is usually small. 

Let the deflection produced by a magnetic field of strength H 
acting at right angles to v through the same distance I be denoted by <p- 
Then in the same way 


or 


tan <p = 


<P = 


Uevl 

mu* 

Uel 


mv 


It this equation is divided by the previous one 

fpF 




on 
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hence* since F and H are known and tp and 6 can be measured* v can 
be calculated. When the value of v is known, if it is substituted in the 
expression for <p above* the value of e/m can be calculated. It was by 
proceeding on these lines that v and e/m were first determined for a 
cathode ray particle. 

FXAMPI.E.—An electron is acted on by an electric field through a 
potential difference V. Find the velocity it acquires from rest, and 
calculate its numerical value, if V is 50,000 volts, given that ejm is 
1*77 xlO^ electromagnetic units per gram. 

Work done by field ^Ve 

Kinetic Energy gained 

Hence 

and t;*=2Ve/m=2 x50,000 xlO* xl-77 x 10* 

whence u = l-33 X10‘® cm. per sec. 

Theory of Conduction.—In metals a certain number of 
electrons are so loosely attached to the atoms that they are shaken 
off and wander about in a free state. If, however* an electric 
field is applied, they all move in the same direction, and it is this 
motion that constitutes the electric current. 

In insulators the electrons are fixed in the atom and cannot 
become free of themselves. But by friction, for example the 
friction of a silk cloth on a glass rod, some can be detached and 
removed for a time, and so the body acquires a charge. When a 
conductor is electrified by induction, the electrons in it drift 
towards one end under the influence of the external body, and that 
end acquires a negative charge. When an electron leaves an 
atom, the latter acquires a positive charge ; consequently, the other 
end of the conductor is charged positiv-ely. 

When a salt, for example sodium chlonde, is dissolved in water, 
the cathion sodium loses an electron to the anion chlorine. The 
former consequently acquires a positive charge and the latter a 
negative charge, both equal to the charge on the electron. In 
the case of a divalent ion, for example copper in copper sulphate, 
the copper ion has lost two electrons to the anion. This shows 
that each bond of chemical affinity must have a connection with 
one particular electron. 

In the case of a gas under ordinary circumstances, a propor¬ 
tion of the molecules have gained or lost electrons by collision or 
otherwise. These charged molecules are referred to as gaseous 
ions. They are extremely few in number, and a gas in its normal 
state is a very good insulator indeed. The number of ions in a 
gas can be greatly increased by exposing it to X-rays ; the latter 
shake electrons loose from neutral molecules, and these electrons 
attach themselves to other molecules. The gas tlicu conducts 
electricity and is said to be ionised. 
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It was discovered by C. T. R. Wilson, that when dust-free air 
is saturated with water vapour and allowed to expand suddenly, 
condensation takes place on the negative ions in the air as nuclei, 
and drops are formed which fall as a cloud to the bottom of the 
vessel in which the experiment is performed. The total quantity 
of electricity brought down by the cloud can be measured, and it 
is possible to calculate the size of a drop from their rate of fall by 
means of a formula given by Stokes. We thus obtain the number 
of drops in the cloud, and consequently the charge on each drop. 
But as each drop condenses on an ion, the charge on a drop is the 
elementary charge the charge on the electron. It was in this 
way that the latter was first determined. 

Positive Rays.—In addition to the cathode rays in a cathode 
ray tube there are luminous rays which travel towards the cathode 
and fall upon the surface of the latter. If the cathode is per¬ 
forated, these rays go through the holes and are visible in the 
space behind the latter. For this reason they were called by a 
word which has been translated canal rays, though channel rays 
is a better equivalent. They act upon a photographic plate. 
They are deflected by a magnetic and an electric field, and it fol¬ 
lows from the deflections which are much smaller than in the case 
of an electron, that they consist of positively charged particles, 
atoms which have lost electrons. It was shoAvn by Sir J. J. 
Thomson that the measurement of the deflections afforded an 
accurate means of calculating the mass of the atoms constituting 
the rays, i.e. all the gaseous atoms within the tube, and he named 
this method of investigating the nature of a substance positive 
ray analysis. 

The method has been improved, and results of the greatest 
importance have been obtained by Aston. He has shown that 
many of the atomic weights we are accustomed to deal with in 
chemistry are merely averages. For example, when the stream 
of positive rays consists of chlorine atoms, it decomposes under 
the action of the magnetic and electric fields into two streams which 
have atomic weights 35 and 37. Now the atomic weight of 
chlorine is 85’46 when determined by chemical methods. No 
evidence for the existence of atoms with this weight has been 
found in the positive ray tube. It has consequently been con¬ 
cluded that there are two kinds of chlorine, chemically indistin¬ 
guishable, which occur together always mixed in the same pro¬ 
portions, but which are separated out by positive ray analysis. 
Substances of this nature which have different atomic weights 
though chemically identical, are called isotopes. 

Positive ray analysis has shown that the atomic weights of all 
atoms an; whole numbers. Elements like chlorine which give 
fractional atomic weights by chemical methods occur in chemistry 
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fts mixtures of isotopes ; the atomic weights of these isotopes are 
whole numbers. 

X-Rays.—It was discovered by W. K. Rontgen at Wurzburg 
in 1895, that when cathode rays strike the glass wall of the tube 
they not only cause it to emit a green fluorescent light, but also 
to emit invisible rays which have very remarkable properties. 
He called them X-rays because their nature was unknown ; they 
are also called Rontgen rays after their discoverer. 

X-rays act on a photographic plate. When they fall on a 
screen of barium platinocyanide they cause it to light up with a 
green fluorescent light. They travel in straight lines. They 
pass through a prism without deviation and they are not acted on 
by lenses. They ionise gases. They are not deflected by a 
magnetic or an electric field. They have the striking property of 
penetrating media such as paper, cloth, leather, wood, and 
aluminium, which are opaque to ordinary light. Flesh is trans¬ 
parent to them, but the bones are opaque, and by their aid we can 
see the bones through the flesh. They have thus an important 
application in medicine. They are stopped by the denser metals, 
especially lead. If a purse with coins in it is held up between 
the source of the X-rays and the fluorescent screen, in the shadow 
on the screen the coins are visible through the purse ; if a wooden 
box containing brass weights is held up, the weights are visible 
through the box. 

Fig. 571 shows an X-ray tube and the method of taking a 
radio^am by it, as a photograph produced by X-rays is called. 
The cathode is concave and 
concentrates the cathode 
rays upon the anti-cathode 
or target, which is made of 
tungsten. The X-rays are 
radiated out from the anti¬ 
cathode, not from the glass 
of the bulb as in Rontgen’s 
first experiments, and pass 
through the glass wall of the 
bulb undeflected. The anode 
is not essential to the working 
of the bulb but steadies the 
discharge : it is in conducting 

communication with the anti-cathode. The discharge is also 
made steadier by having the leading-in wires for the eleclrodes 
sheathed in glass tubes as shown in the figure. The cathode and 
anode are usually made of aluminium. The bulb is, of course, 
connected to the secondary of a large induction coil. 

The rays emitted by the bulb in Fig. 571 are shown falling on 
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a hand which rests on a photographic plate. The shadow of the 
bones comes out on the plate when the latter is developed ; the 
picture obtained in this way is a “ negative ” from which a 
positive can be obtained in the usual manner. Fig. 572 shows a 

positive obtained in this way 
of a hand with bracelet and 
rings. 

Nature of X-Rays.—^For 

a long time after their dis¬ 
covery the nature of X-rays 
remained a mystery. They 
were neither reflected nor re¬ 
fracted, and hence it was 
thought that they must be 
essentially different from 
ordinary light. It was shown, 
however, by Laue in 1912, 
and afterwards by W. H. and 
W. L. Bragg, that they were 
simply light rays of extremely 
short wave-length, and that 
the experiments on reflection 
and refraction failed to give a 
positive result merely because 
of the shortness of the wave- 
Fio. 672.-^Radiograin of hand with length. 

bracelet and rings. A surface reflects and re¬ 

fracts light only if the inequali¬ 
ties in it are small in comparison with the wave-length of the light. 
The very process of polishing a mirror consists in removing the 
inequalities in its surface. Now the wave-length of X-rays is 
about 3555 of the wave-length of visible light and is of much the 
same size as the diameters of the molecules themselves ; conse¬ 
quently, it is impossible for us by any means whatever to prepare 
an artificial surface smooth enough to reflect and refract waves of 
this length. 

Discovery of X-Rays.—Rontgen discovered X-rays he was 
looking for invisible rays. An electric discharge was passing in a tube 
which was completely covered witli thick black paper. To his surprise 
B fluorescent screen three yards away shone brightly. There was no 
apparent cause for this. When objects were placed between the tube 
And screen, shadows were cast, hence the effect was due to some 
mysterious radiation proceeding from the tube. The radiation had the 
property of passing through black paper, a thing that ultra-violet light 
could not do, hence it could not be ultra-violet light ; further investiga¬ 
tion revealed the fact that it was radiation of an entirely new type. 
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Discovery of Radioactivity. —In I896 Henri Becquerel, in 
Paris, found that when a small quantity of the mineral uranium 
was placed above a photographic plate which had been wrapped 
in black paper, it emitted rays which passed through the paper 
and affected the plate. If a coin were placed on the top of the paper 
and the experiment left in a dark room for several days, when the 
plate was developed there was a shadow picture of the coin 
upon it, similar to the pictures produced by X-rays. It was also 
found that the rays ionise air ; if a small piece of uranium was 
placed near an electroscope, the air became conducting and the 
electroscope lost its charge. The property of emitting rays was 
shared by all uranium compounds. A substance which emits 
rays in this way is said to be radioactive. 

Shortly after Becquerel’s discovery Mine. Curie found that 
thorium and its compounds were also radioactive. During this 
investigation she noticed that pitchblende, the ore from which 
uranium is extracted, was about four times as radioactive as 
uranium itself. She therefore concluded that pitchblende must 
contain some hitherto unknown element, more radioactive than 
uranium. By a laborious process of elimination she succeeded 
in discov'ering a new element and in separating out a few 
hundredths of a gram of it from several tons of pitchblende. 
She named this new element radium. It discharges an electroscope 
more than a million times as fast as uranium or thorium does. ^ 

Nature of the Rays. —Rutherford showed in 1899 at Montreal 
that the rays emitted by radioactive bodies are a mixture of three 
types: 

(i) Alpha rays. These arc absorbed readily by a thin layer of 
air and have considerable ionising power. They are deflected by a 
magnetic field and an electric field. From the direction and 
magnitude of the dcflcclion it has been concluded, that they are 
positively charged particles with a mass four times the mass of 
the hydrogen atom, and they have been identified as helium atoms 
which have each lost two electrons. 

(ii) Beta rays. These arc found to be identical with cathode 
rays, i.e. they are streams of electrons projector! out from the 
substance with v'cry great velocity. In the c.ast* of ratlinni the 
velocity approaches that of light, and so is greater than tlu? veh)city 
of the electrons in cathode rays. Ihta rays have nixioli greater 
penetrating power but le.ss ionising power than alpha rays. 

(iii) Gamma rays. These are much more penetrating than 
beta ravs, and are deflected neither by a magnetic nor an electric 
field. They are probably X-rays caused by the imj>ac;l. of Uie 
beta rays on surrounding matter. 

The difference in the behaviour of the three types of rays is 
illustrated by Fig. 573, which is due t'^ Mtii'-. Curie. .\ siuali 
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portion of radium is placed at the bottom of a hole bored in a block 
of lead, and a narrow pencil of rays escapes upwards. A strong 

magnetic field is applied at right angles 
to, and towards the plane of the figure, 
and it separates the different types in 
the manner shown. 

Radioactive Disintegration. — The 

emission of particles by a radioactive 
substance is independent of temperature 
and other physical conditions. It is 
proportional to the amount of active 
substance present, and is unaffected by 
the chemical state of the substance; the 
latter may be changed, for example, 
from the nitrate to the chloride without 
the activity being affected in any way. 
Fig. 573. — Magnetic devia- It is consequently wholly a property of 
tion of rays from radium. the atom, and Rutherford put forward 

the view, that the atoms of radioactive 
substances are slowly and spontaneously disintegrating into 
simpler atoms. This view is now universally adopted. Uranium 
and thorium arc the two heaviest atoms. They seem at times 
to become unstable and eject alpha particles. This is in each 
case the beginning of a series of changes which continue until a 
stable form is reached, radium being an intermediate stage in the 
series which starts from uranium. In transforming from uranium 
to radium the atom loses three alpha particles ; the atomic weight 
of radium is about 226 which is 12 less than 238-5, the atomic 
weight of uranium, and the atomic weight of helium is 4. 

Thus, at least for some elements, the atom has lost what was 
once regarded as its characteristic property, indestructibility, 
and the transmutation of the elements which the alchemists 
sought for so long is taking place spontaneously before our eyes. 

If the atom ejects alpha particles and electrons, it naturally 
follows that these are constituents of which it is built up. The 
discovery of isotopes has shown us, that the weights of all atoms 
arc multiples of the weight of the hydrogen atom, consequently, 
the hydrogen atom may be a constituent. It may be shown by 
different lines of reasoning that, as has already been stated on 
p. 485, the atom contains a number of free electrons varying from 
one in the case of hydrogen up to 92 in the case of uranium. This 
number is known as the atomic number. The chemical properties 
of the substance are characteristic of its atomic number rather 
than of Its chemical atomic weight. According to Rutherford, 
the atom consists of a nucleus with a positive charge round which 
the electrons circle, but this is a matter not yet fully understood. 
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For a long time it was thought that there were no positive 
electrons, but their existence was discovered by G. D. Anderson 
in 1932. They have been termed positrons. 

Atomic Energy. —It was discovered by two Frenchmen, Curie 
and Labord, in 1903, that radium is continually giving out heat 
at a rate of about one himdred calories per gram per hour. The 
measurement was made by a Bunsen*s ice calorimeter. As a 
result the temperature of radium bromide is always about 2® C. 
higher than its surroimdings. Now radium disintegrates as a 
consequence of its activity. In 2000 years only half of the 
original quantity is left; this time is known as the transformation 
period of radium. It is possible from these figures to calculate 
the amount of heat energy evolved in the disintegration of one 
gram of radium. The result is 2*5 XIO® calories, three hundred 
thousand times as much as is evolved in the combustion of 
one gram of coal. The energy released in radioactive dis¬ 
integration is energy of constitution of the atom. It is 
probable that similar huge quantities of energy are locked up in 
the constitution of all atoms. Thus the atomic energy in coal and 
motor spirit is enormously greater than the energy of chemical 
combination used to drive steam and internal combustion engines. 
But at present there seems no prospect of man being able to tap 
it and employ it for his purposes, although apparently it plays an 
important part in the economy of stars. 


Examples Xll 

1. Cathode rays have a velocity of one-tenth of the velocity of 
light. A magnetic field of 2 c.g.s. units is applied at right angles 
to the direction of the rays, and the length of the path in the field is 
5 cm. Calculate in radians the magnitude of the deflection produced, 
given that e/m=l*77 x 10' electromagnetic units per gram. 

2. Cathode rays pass between two parallel plates 4 cm. apart. 
The length of the path between the plates is 7 cm., and it is found that 
when a battery of E.M.F. 250 volts, connected to the plates, is 
reversed, the rays are deflected through one-tenth radian. Calculate 
their velocity, given that 1 volt = 10* c.g.s. units, and that e/m 
= 1*77 X 10' electromagnetic units per gram. 

8. The atomic weights of the isotopes of chlorine are 35 and 87. 
If the atomic weight of chlorine is 35-46, find what quantity of each 
of the isotopes is present in 100 grains of chlorine. 

4. If the fraction of a gram of radium which disintegrates in one 
hour is ar, prove that the quantity remaining after rt hours is (1—a)”. 

u 
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Electromagnetic Inertia. —Every electric current possesses a 
certain amount of inertia depending on the shape of tlie circuit.. 
The inertia is especially great in those parts of the circuit which 
consist of coils or have many turns. This may be demonstrated 
by the arrangement shown in Fig. 574. When the key K is 
closed, the current from the battery flows in the directions shown 
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by the arrows. When the key is opened, we have only to consider 
the upper circuit; at the instant in question the current in the 
two halves is flowing the opposite way round, as shown by the 
arrows in Fig. 675. But the current in the coil has much the 
greater inertia and annuls the other current ; consequently, the 
direction of the galvanometer deflection is reversed after the key 
is opened, before the current dies down. 

As a consequence of its inertia the current has energy analogous 
to kinetic energy. If the strength of the current is denoted by t, 
its energy is given by the expression 

where L is a constant known as the inductance or coefficient of 
seU-indaction of the circuit; this constant depends only on the 
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shape of the circuit. The practical unit in which L is measured 
is called the henry i if L is measured in hciirys and i in amperes, 
the energy is given in joules. 

Analogy of Pendulum. —Let us consider a simple pendulum 
of mass m and length I vibrating through an arc of length as on 
each side of the vertical. Let v be its velocity at the lowest point 
in the path. Then at the lowest point its 

Kinetic Energy 


If P is a turning point (Fig. 576) 





since, when x is small, AC can be neglected in comparison with 
AB, and the distance measured along CP is equal to the 
distance measured along the arc. Hence at the turning point the 


Potential Energy =mgAC =§ 



The period =27r 



/ coeff. in expn. for K.E . 
coeff. in expn. for P.E. 


As the pendulum moves from the turning point to the lowest 
point in its range, the energy gradually changes from the potential 
to the kinetic form. 

Oscillatory Discharge of a Condenser. —In Fig. 577 
A and B are the two coatings of a Leyden jar and D a spark gap 
formed by two well-polished knobs. 

S is a coil of large self-induction. A 
and B are connected to the terminals 
of a Wimshurst machine, and the inner 
coating of the jar is gradually charged 
positively. It consequently acquires 
potential energy given by Q2/2C, where 
Q is the magnitude of the charge and 
C the capacity of the condenser. 

Finally, when the sparking potential 
is reached, the resistance of the air breaks down, and the jar 
discharges across the gap. 

When the potentials of the two coatings of the jar are cquali.sed, 
the energy of the circuit is given by Now i, the maximum 

current, stands in the same relation to the charge Q, as v does to x in 
the case of the pendulum. It seems plausible therefore to assunae, 
that the energy in the circuit oscillates between the potential 




Kio. 577, 
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and kinetic forms just as in the case of the pendulum, and that the 
period of these oscillations is given by 




coeff. in expn. for K.E. 
coeff. in expn. for P.£. 



=27r'\/LC 


If this is the case, the positive and negative charges do not 
annul each other, but are carried by their inertia across the gap, 
so that the outer coating acquires the positive charge and the 
inner coating the negative one. The jar next discharges through 
the gap a second time and resumes its initial condition, the 
positive charge being now on the inner coating and the negative 
on the outer. These changes are then repeated a number of times, 
but as the energy of the original charge is gradually dissipated as 
heat in the circuit, the strength of the current across the gap 

diminishes with each 
repetition, until it is 
finally insufficient to 
maintain the gap in 
a conducting state, 
and the oscillations 
stop abruptly. The 
current across the 
gap should therefore 
Fig. 578. —Damped oscillation. given as a func¬ 

tion of the time, as 

long as it lasts, by the curve shown in Fig. 578 ; this curve 
represents a damped oscillation. 

Verification of the Formula. —The formula T=27 t\/EC was 
given first by Lord Kelvin in 1858. It had been noticed by 
Henry in 1842, that when a needle was magnetised by placing it 
inside the coil shown in Fig. 577, the north pole was sometimes 
at the one end and sometimes at the other, even although the 
condenser was always charged the same way. The current which 
flowed across the gap last was consequently sometimes in the 
one direction and sometimes in the other, and this suggested 
oscillations. 



In 1857 Feddersen examined the image of the spark gap 
formed by reflection in a mirror which was rotating about an 
axis parallel to the gap, and showed that the discharge was an 
oscillatory one. Owing to the motion of the mirror the image of 
the spark was drawn out into a band consisting of bright lines 
separated by dark spaces, the lines starting first from the one 
side and then from the other side of the gap. Each line corre¬ 
sponded to a separate discharge. The period of the discharge 
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could be calculated from the distance between the lines and the 
speed of rotation of the mirror, and it was found that the result 
agreed with the formula. 

Exaaipue. —A Leyden jar which has a capacity of 0-0019 microfarad 
is discharged through a solenoid which has a self>inductance of 15,000 
microhenrys. Calculate the period of the resultant oscillations. 

L and C must be converted to henrys and farads before they are 
inserted in the formula. Hence 

T =27r Vd^oio X 10-* X 15,000 X 10*“* 

=3-35 X 10~® sec. 

Electric Resonance.- —Let us suppose that two tuning-forks 
of the same pitch, mounted on resonators, are placed near each 
other with the open ends of the resonators facing each other. 
Then if the one fork is set into strong vibration, and then damped 
by grasping the prongs ’ with the fingers, the other fork will be 
heard sounding. If, however, the pitch of the second fork is 
altered by attaching a weight to one of its prongs, and the ex¬ 
periment repeated, when the first fork is damped, the second is 
silent. 

The above experiment is an example of resonance, and shows 
what conditions are necessary for its appearance. The first 
tuning-fork emits sound waves ; pulses of compression and rare¬ 
faction travel through the air to the second fork and beat upon it 
at intervals which correspond exactly to its own period. It is 
consequently set into vibration in the same way as a heavy 
pendulum, which receives a slight push every time it passes the 
middle of the range in a given direction. The effect of each push 
is slight, but the cumulative effect of a series of pushes produces 
large results. 

Let us suppose now, that the condenser and coil in Fig. 577 
are connected to the secondary of an induction coil instead of a 
Wimshurst machine. Every time the primary breaks, the con¬ 
denser charges, and then discharges in a series of oscillations 
across the gap. Let a second coil be connected through a very 
small spark gap which can be regulated by a micrometer screw, 
to a variable air condenser of the type shown in Fig. 485, and let 
them be placed near the first circuit. Then if the capacity in the 
second circuit is adjusted to make the periods of the two circuits 
the same, electrical oscillations are set up in the second circuit, 
and sparks can be seen crossing its gap. But, if the periods of 
the two circuits are different, there are no sparks. So that we 
may have resonance between two circuits of tliis nature, just as 
we have resonance between tuning forks. The first circuit is 
usually referred to as the vibrator or oscillator and the second as 
the receiver or resonator. 
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Electromagnetic Waves. —^The one tuning fork acts on the 

other by means of sound waves. It follows that the oscillator 
must also act on the receiver by means of waves which it radiates 
in all directions, electromagnetic waves they are called. Clerk 
Maxwell showed mathematically in 1865 that such waves must 
exist, that their velocity was the same as the velocity of light, 
and that they were essentially of the same nature as light waves. 
But it was not until 1887—88 that their existence was demonstrated 
experimentally. This was done by Hertz. In Feddersen’s ex¬ 
periments proving the formula for the period of the oscillator, the 
periods worked with were about 10~6 sec. By reducing the capacity 
and inductance of the circuit Hertz brought the period down to 
about 10~8 sec., and succeeded in showing that electromagnetic 
waves differed from light waves only in having a much longer 
wave-length. Since A=VT, the wave-length of the waves used 
by Hertz was about 3 metres as against the value 5*9X10“® cm. 
for yellow light. 

The waves used in wireless telegraphy and telephony are 
electromagnetic waves. Oscillations are generated first in a 
circuit containing capacity and inductance ; these induce oscilla¬ 
tions in the aerial which is tuned to resonance with it, and which 
radiates waves out into space much more effectively than the 
oscillator itself could. 

Generation of Electric Waves. —The older way of generat¬ 
ing electric waves was to charge a condenser by means of an 



induction coil and let it discharge through an inductance and a 
spark gap. Every time the condenser discharged, a damped wave 
was radiated which stopped abruptly, and the whole wave train 
could be represented by some such diagram as Fig. 579. The 
message was sent by breaking up the train into long and short 
periods according to the Morse code, and the condenser discharged 
perhaps one hundred times to the second. 

Nowadays in wireless 
telephony a continuous wave 
is used. Suppose a station 
broadcasts on a wave-length 
Fig. 580.—High frequency wave. of 400 metres ; then the 

wave may be represented as 
in rig. 580, where the distance between successive crests or 
successive troughs is 400 metres, and the period is 1*88 xl0-« sec. 
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This is known as the high frequency wave. If the wave is broad¬ 
casting a musical note of frequency 256, the crests vary in height 
as in Fig. 581, their tops all 
lying on the dotted curve 
which represents a wave of 
frequency 256 and conse¬ 
quently of length I’lTxlO® 
metres. This is known as 
the low frequency wave. If 
ordinary speech is being 
transmitted, the frequency and amplitude of the low frequency 
wave vary along the wave train. 

It would lead too far to explain how the continuous wave is 
produced, but the method consists essentially of a circuit with 
capacity and inductance, the oscillations of which act on a 
“ valve,** causing the latter to feed back energy into the circuit 
from a battery and so maintain them an indefinite time, once 
they are started. The process is roughly analogous to that by 
which an escapement feeds the energy of a spring into a pendulum. 

Crystal Detector. —The simplest way of detecting the 
presence of electromagnetic waves would be to observe the sparks 
crossing the gap of a circuit timed to the frequency of the wave. 
This method is, however, very insensitive, and could only be used 
in the case of extremely strong waves. The telephone is a very 
sensitive method of detecting variations in the strength of a 
current, but the high frequency oscillations occur much too 
rapidly for the diaphragm to follow, and if the telephone is exposed 
to the full wave, the diaphragm simply stands still and nothing 
is heard. 



Fia. 581.—High frequency wave with 
low frequency wave superposed. 


If a crystal such as carborundum, zincite, or galena is placed 
in contact with the end of a wire (the “ cat’s whisker ”), or if two 
crystals such as zincite and bornite are placed in contact, the 
electric current passes across the surface of contact much more 
easily in the one direction tlian in the other. Such an arrange¬ 
ment is called a rectifier. If, for example, the current in a circuit 

is represented by the full 
curve in Fig. 582, and a 
rectifier is inserted, the 
ordinates on one side of 
the axis are all diminished 
in the manner shown, owing 
to the resistance being 
greater in that direction. The average value of the ordinate is 
consequently given by the dotted curve, and varies with the low 
frequency wave. The latter is slow enough for the diaphragm 
of the telephone to follow ; thus if a telephone is inserted in the 



Fio. 682.—Rectified wave. 
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circuit, we hear the sound represented by the low frequency 
wave. 

There are other forms of rectifier besides the crystal detector, 
but the latter is the simplest of them all. 


Test of a CrystaL—Fig. 583 represents 

an arrangement for testing a crystal 

detector. B is a battery giving about 

1*5 volts, and QR a resistance of about 

50 ohms with a sliding contact at P. 

The current tapped off at P flows through 

the crystal C and ammeter A ; the B.M.F. 

across crystal and ammeter is read off 

by the voltmeter V. K is a commutator 

for reversing the direction of the current 

Es. eroo rr. ^ ^ . through thc crystal. The resistance of 

Fio. 583. Test of a crystal. ammeter is so small, that the E.M.F. 

read on V is practically all applied to the 
crystal. The E.M.F. applied to the crystal is varied by moving P 
along the resistance. Before starting the test the contact is adjusted, 
until a “ sensitive spot ” is found. 

Fig. 584 shows the nature of the results obtained for a zincite* 
bornite combination, which has the advantage that a firm pressure 
can be applied, so that the 



setting is not affected by 
vibration. The abscissae give 
volts, the ordinates current in 
microamperes. If Ohm's 
law held, the graph would 
be a straight line through 
the origin. The inclination, 
however, changes near the 
origin showing that the re¬ 
sistance is much less for 
positive than for negative 
voltages. For -f-1 volt the 
current is 470 microamperes, 
giving an effective resistance 
of 2130 ohms: for —1 volt 
rt is 22 microamperes giving 
A resistance of 45,500 ohms, 
21 times as great. Tl»e more 
abrupt the change in the 
iitclination at the origin, the 
greater the elTiciency of the 
arrangement as a rectifier. 



Fig. 584 .—Characteristic curve for zincite- 

bornite. 

li'rom a diagram by S. O. Pearson lo the Wireiest 

tt'orld. May &, 1926. 



RccoiviDg Aoris.!.—Fig. 585 shows a receiving aerial, tuning 
inductance, and the earth. The aerial is pointed towards the 
sending station, and may be regarded as forming one plate of a 
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condenser of which the earth forms the other plate. C is therefore 
given. The process of tuning consists in altering L until the 
period of the aerial, 27rVLC, coincides with the period of the 
waves; then resonance oscillations are set up in the aerial. L is 
altered either by sliding a contact along a cylindrical coil and so 
changing the number of turns used, or by rotating a circular coil 
inside another one of greater radius about a common diameter 
of both as axis : the second arrangement is known as the vario¬ 
meter, and gives maximum inductance when the coils'are in the 
same plane and the current flows round them in the same direction. 

The circuit may also be tuned by altering C instead of L. A 
variable condenser is arranged in series with the aerial as in Fig. 586 
or in parallel with it as in Fig. 587, and the resultant capacity 
altered by adjusting this condenser; in these figures the aerial 


T 



Fio, 585. FiQ. 586. Fio. 587. Fio. 588. 


and variable condenser are represented in the manner usually 
employed in diagrams of this nature. 

So far we have shown only how the oscillations are set up. In 
order to detect them a side circuit containing crystal and telephone 
must be connected on. Fig. 588 shows one way of doing this to 
the aerial shown in Fig. 685. The resistance of crystal and 
telephone is so ^eat, that the current drawn off does not disturb 
the oscillations in the main circuit. 

In the diagrams we have distinguished too sharply between 
the positions of the capacity and inductance in the circuit. There 
is some inductance in the aerial and some capacity in the coil. 
A coil alone, with no condenser attached, will oscillate in resonance 
with an electric wave, provided it has the correct dimensions. 

Examplk.—A coil has an inductance of 686 microlienrj-s and a 
capacity of 9*5x10“® microfarad. Calculate its natural wave-length 
in metres. What is its wave-length in metres when shunted by a 
capacity of 0-0001 microfarad ? 

u* 
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Natural wave-length =5f7rWLC 

=277 X 3 X 10« V686iri6^^«“x9^5“>n0^^ 

= 152 metres_ 

Wave-length when shunted = 27r x8 xl0*v'686 x 10~® x 1-095 xlO“*® 

=616 metres 


Examples XIII 

1. A condenser of capacity 0 001 microfarad is discharged through 
an inductance of 5 microhenrys. Calculate the period of the oscilla¬ 
tions produced in seconds and the wave-length radiated in metres. 

2. A rotating mirror is placed at a distance of one metre from the 
spark gap in the preceding question. How fast must it be rotated, 
in revolutions per second, if the images of the successive sparks in the 
same direction are 1 cm. apart ? 
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PART I.—DYNAMICS AND PROPERTIES OF MATTER 

OXFORD AND CAMBRIDGE SCiiOOLS EXAMINATION 

BOARD. HIGHER CERTIFICATES* 

Physics 

1. Draw the velocity-time diagram for a point describing a straight 
line with uniform acceleration, and deduce the formula u* 

A pit cage descends part of its journey with uniform acceleration /, 
and the remainder with uniform retardation 2/. If it starts from rest, 
an d if the shaft is h feet deep, show that the whole tinie of descent is 
VZhff. (1922.) 

2. Define velocity, uniform velocity, and relative velocity. 

Two men can each row in still water at the rate of 5 miles an hour. 
One rows up stream a distance equal to the widtii of the river (half a 
mile) and back again ; the other rows straight across and back again. 
Assuming that the velocity of the stream is 3 miles per hour, find the 
difference in the time taken by the two men. (1021.) 

8. What are the characteristics of simple harmonic motion ? 

A particle moves in a straight line with simple harmonic motion 
about a point A. Find an ex{>ression for the velocity at any point. 
The particle starts at a distance of 5 feet from A, and when its distance 
from A is 8 feet, its velocity is 20 feet per sec. Find its velocity when 
it passes through A. (1921.) 

4. Prove that the motion of a simple pendulum, when of small 
amplitude, is approximately simple harmonic, and find its period. 

A clock pendulum which beats seconds on the earth’s Siirface, where 
g=32, is taken down a mine of depth i mile. Assuming g to vary 
directly as the distance from the earth’s centre, and that the earth’s 
radius is 4000 miles, find the number of seconds lost by the clock in a 
day. (1922.) 

5. State the laws of friction, an<I describe the exi>eriments you would 
make to illustrate them. 

A body resting on a horizontal plane is pullctl by a string inclined 
at an angle of 30° to the horizontal. If the coellicient of liictioii is 
find the ratio of the weight of the body to tlie tensit»iJ when the body 
is just slipping. (1923.) 

* These questions uii»i ttie «jiicstioas on pi>. (> 00 , 001 , 600 , and 012 are 
reprinted here by permission of the Oxford uiid Cambridge Schools 

Examioatloo Board. 
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6. State the principle of the conservation of momentum and 
describe any experiments you would raake to verify it. 

A machine-gun is mounted on an aeroplane, and when the latter 
is fl 3 dng horizontally with a velocity of 60 miles per hour the gun is 
fired ahead horizontally for 10 seconds. Find the change in velocity 
of the aeroplane and the force tendiing to move the gun, relative to 
the aeroplane. 

The mass of the aeroplane is 1000 lb., the rate of firing of the bullets 
10 per second, the mass of a bujlet i oz., and the muzzle velocity 
2000 feet per second. (1923.) 

7. State the principle of cor»servation of momentum in an impact. 

A bullet of mass ^ oz. is fired horizontally with velocity 1000 feet 

per second into a block of Wood resting on a smooth horizontal table 
and weighing 4 lbs. If the bullet remains embedded in the block, 
find the velocity with which the latter finally moves. (1922.) 

8* Prove that in order to keep a body of mass m moving with 
constant speed u in a circle of radius r, a force (mt>*)/r directed towards 
the centre must be supplied. 

Find the height of the outer rail above the inner rail on a railway 
track in order that a train may take a curve of radius 500 yards at 
30 miles an hour without producing any side-thrust on the rails, the 
breadth of the track being 4 feet. (1923.) 

9. Define work, power, horse-power. 

Find the horse-power of an engine which draws a train of mass 
200 tons up a slope of 1 in 112 with a steady velocity of 25 miles per 
hour, the resistance due to friction being 6 lb. wt. per ton. (1923.) 

10. Define work, power, horse-power. 

A cylinder of an engine is 54 inches in diameter, and the average 
speed of the piston is 900 feet per minute. If the average pressure of 
steam on the piston is 32 lb. weight per square inch, find the horse¬ 
power indicated by the engine. (1922.) 

11. Define kinetic energy, and find an expression for the kinetic 
energy of a mass m moving with velocity n. 

A pile driver weighing 400 lb. falls through 9 feet on to a pile weighing 
80 lb., and at each impact the pile is driven in 10 inches. Find the 
average resistance to be overcome. (1921.) 

12. Prove that the pressure at a point in a liquid is the same in all 
directions. 

Find the resultant pressure and the centre of pressure for each 
of the sides of a cube of which each side is a square metre, and which 
is filled with water. (1921.) 

13. Explain what is meant by the pressure at a point in a liquid 
and by centre of pressure. 

Find the centre of pressure of a square area of side 8 feet, immersed 
wsrtically In water with one edge on the surface, (1923.) 

14. Find the pressure at a depth a; in a liquid of density p. 

Find also, if the atmospheric pressure is 14 lb. weight per square 
inch, and if a cubic foot of sea water weighs 62J lb., the depth in the 
sea at which a pressure of 20 atmospheres is reached. (1922.) 

15. Plot a curve showing the relation between the extension and 
the stretchmg force for the given spiral spring. 
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Find the work done in stretching the spring through a distance of 
6 cm., (a) when the initial load is 100 gm., (6) when the initial load is 
200 gm. (1921.) (Practical Examination.) 

16. Make observations to determine the relation between the 
weight applied to the given spring and the extension produced. 

Represent your results graphically, and from your graph determine 
the work required to stretch the spring 8 cm. when the initial load is 
(a) 50 grams, (6) 200 grams. (1923.) (Practical Examination.) 

17. Make a suitable cage and place ice in it. When the two are 
just immersed in water, remove them and weigh the ice. Hence 
determine the density of the ice. (1922.) (Practical Examination.) 

Elementary Science 

1. State Newton’s laws of motion, and describe carefully how you 
would verify the second law of motion. (1923.) 

2. Show that the kinetic energy of a body of mass m, when moving 
with velocity u, is measured by iwio*. 

Explain what is meant by the Principle of the Conservation of 
Energy. How does it apply to (a) a vibrating pendulum, (5) a body 
sliding dmvn a rough inclined plane ? (1023.) 

3. Explain what is meant by the pressure at a point in a liquid, 
and find the value of the pressure at a point at a distance h below the 
surface of a liquid of density p, 

A bubble of volume 0-001 cub. in., formed at a depth of 20 ft. below 
the surface of a lake, rises to the surface. If the height of the barometer 
is 80 in., and the density of mercury 13-5 grams per c.c., find the volume 
of the bubble when it reaches the surface. (1923.) 

4. Make observations to determine how the square of the time of 
oscillation of a simple pendulum varies with the length of the pendulum. 

Represent your results graphically, and deduce the value of the 
acceleration due to gravity. (1921.) (Practical Examination.) 

5. Suspend three masses at points along the given string which is 
fixed at its two ends. Given one mass, determine the other two by a 
graphical method. (1922.) (Practical Examination.) 

6. With the given Boyle’s Law apparatus, make observations on 
the relation between the volume (u) of the enclosed gas and the difference 
ip) between the pressure of the gas and atmospheric pressure. Repre¬ 
sent graphically the relation between p and 1/n, and deduce from your 
graph a value for the height of the barometer. (1023.) (Practical 
Examination.) 

7. With the given apparatus make experiments to verify the 
relation between the pressure at a point in a liquid, and the depth of the 
point below the surface. (1921.) (Practical Examination.) 


Subsidiary Subject 

1. A body, starting from rest with a uniform acceleration, is 
observed to travel 20 feet during one second, and 40 feet during the 
next second. How far had it travelled before the first observation 
began ? (1922.) 
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2. Wliat is the character of the motion of a body which foils imdei 
the action of gravity ? 

How long wilj a body take to fall 144 feet from rest, and how far 
will it go in the last second of its motion ? (1921.) 

3. Define work and energy, and state what you know of the Principle 
of Conservation of Energy. 

Apply this principle to a pendulum, and find the velocity with 
w’hich the bob of a simple pendulum must be projected in order to 
describe a quadrant of a circle. (1923.) 

4. Write a short essay on machines, with special reference to levers 
and systems of pulleys. (1922.) 

5. What do you understand by the mechanical advantage and 
velocity ratio of a machine ? Why do they usually differ from one 
another ? 

If the mechanical advantage of a machine is 5 and the velocity 
ratio 8, what force must be exerted, and how much work must be 
expended, to raise a mass of 200 lb. uniformly through a height of 
20 ft.? (1921.) 

6. What is meant by (n) the mechanical advantage, (6) the velocity 
ratio, of a machine ? Describe some machine, and find expressions for 
both of these in the machine you describe. 

If a machine has mechanical advantage 6, and velocity ratio 9, find 
the work done in raising a mass of 1 ton uniformly through 25 ft. 
(1923.) 

7. Describe any form of hydrometer, and give an account of its 

use in the laboratory. How would you calibrate the hydrometer you 
describe ? (1923.) 

8. Define density and specific gravity. 

Under what conditions are these represented by the same cumber ? 

How would you determine the density of sugar ? (1921.) 

9. Describe any method of determining the specific gravity of a 
substance which is soluble in water. (1922.) 


PART II.—IIE.4T 

LONDON UNIVERSITY MATRICULATION » 

1. Describe experiments to justify the use of the boiling point of 
water as a fixed point in a Thcrmonietric scale, and give a full account 
of how the 100® mark is actually determined on a centigrade thermo¬ 
meter. (1924.) 

2. The absolute coefficient of expansion of mercury per degree 
Centigrade is 0 000182 and its apparent cocfficieut measured by a glass 

* These questions and the questions on pp. 603, 604, 605, 600, 610, and 
617 are reprinted here by the permission of the London University Press. 
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weight thermometer is 0 000155. Find the coefficient of linear expan¬ 
sion of the glass per degree Fahrenheit, giving your reasons for the 
different steps in your calculations. (1924.) 

3. Explain the terra coefficient^ of expansion. 

A glass bottle at O** C. has a volume of 50 c.c. What mass of 
alcohol would it hold at 20° C. if the coefficient of linear expansion of 
glass =0-000088, the density of alcohol at 0° C. =0*810 gm. per c.c., 
and its absolute coefficient of expansion =0*00105 ? ( 1919 .) 

4. Describe a constant volume air thermometer. 

Air at 50° F. is heated at constant volume till the pressure is in¬ 
creased by 10 per cent. Find the new temperature (F.). (1923.) 

5. How is heat quantity measured ? 

What mass of steam at 100° C. must be passed into a swimming 
bath 50 ft. x40 ft. X 6 ft. so that the temperature of the water mav 
rise from 3° C. to 13° C. ? 

(Latent heat of steam =540. 1 e. ft. of water weighs 02*5 lb.) 

(1920.) ® ' 

6. Taking the latent heat of fusion of lead as 5*0, its specific heat 
as 0*030, and its melting point as 330° C., find the temperature to 
which 5000 grams of water at 12° C. will be raised by pouring into it 
200 grams of molten lead at its melting point. (1921.) 

7. Give a short account of the chief phenomena occurring in the 
change of state from solid to liquid. (1920.) 

8- What is meant by “ saturated vapour ” ? 

How would you find («) the saturated vapour pressure of water at 
B0° C., (6) the temperature at wliich the water vapour in a room would 
become saturated ? (1920.) 

9. Describe how to determine the melting point of a solid by plotting 
its cooling curve. Explain tlie theory underlying the experiment. 
(1921.) 

10. Define calorie and British 'riierinal Unit, and find how many 
of the former corrcspon<I to one of the latter, using such approximate 
values of the relations between British and iVIctric Units as you know. 

The calorific value of coke is 13,000 B.Th.U. per lb. Find the 
minimum amount of coke which would have to be burnt in order to 
beat 80 gallons of water from C0° F. to 10O° F. for use in a bath. 

(1 gallon of water weighs 10 lbs.) (1921-.> 

11. State briefly the reasons for the aecefitance of the theory that 
heat is a form of energy in preference to the older theory of a heat 
fluid (caloric). 

On test a steam plant was foun<l to use 2 lb. of coal for every 
H.P. hour of work supplied by the engines. Tlic calorific power of 
the coal was 12,000 British fhcrmal Ihiits per lb. ; 1 II.B. is 33,000 
foot-lbs. per minute, an<l .Joule found that 770 ft.-lbs. of work are use<l 
in generating 1 B.Th.U. of heat. What prt>pcjrtion the heat obtained 
from the coal was turned into work ? What happens to the rest of 
the heat ? (1923.) 
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OXFORD AND CAMBRIDGE SCHOOLS EXAMINATION 

BOARD. HIGHER CERTIFICATES 


Physics 

1. Write a short essay on thermometry, including some method 
of measuring very high temperatures. (1922.) 

2. Define the coefficient of linear, and of cubical, expansion of a 
material when heated, and show that the latter is approximately 
three times the former. 

How would you determine either the coefficient of linear expansion 
of a short rod of quartz, or the coefficient of cubical expansion of 
mercury ? (1923.) 

3. Distinguish between absolute and apparent expansion. 

Describe a method of determining the absolute coefficient of expan¬ 
sion of a liquid. (1921.) 

4. Describe experiments which have been made to investigate the 
relation between the pressure and the volume of a gas at constant 
temperature. Give an account of the main results. (1921.) 

5. Write a short essay on the relation between the pressure and 
volume of a gas, including some experimental modes of determining it. 
(1923.) 

6 . Define temperature (a) on the centigrade scale of the mercury- 
in-glass thermometer, (6) on the centigrade scale of a vapour-pressure 
thermometer. 

The table below gives the vapour pressure of a liquid at different 
temperatures on the centigrade mercury thermometer. Draw a graph 
sliowing the relation between the temperatures on the mercury thermo¬ 
meter and the centigrade vapour-pressure thermometer, and find the 
temperature of the former wliicb corresponds to 60* on the latter. 
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(1923.) 

7. Describe the steam calorimeter, and show how it may be used 
to determine the specific heat of a liquid. (1921.) 

8 . Give an account of any method of determining the mechanical 
equiv'alent of heat, and mention any special precautions against error 
which are necessary. (1922.) 

9. Explain what is meant by the coefficient of thermal conductivitj 
of a substance, and describe briefly some method of measuring it for 
a metal. 

A vessel with an area of 200 sq. cm., and 2 mm. thick, is filled with 
ice and placed in a vessel kept at 100® C. How many grams of ice wUj 
melt per minute when conditions have become steady ? 


aXAMmATlON QTTX!STI02rS 




L atent heat of fusion of ice, 80 calories per gram. / 

Conductivity of the substance, 0-002 C.G.S. units. (1023.) 

10. How would you verify the laws of reflection and re&action ol 

thermal radiations ? (1021.) 

11. Describe the bolometer or any other instrument iiw«»d for 
measuring the intensity of thermal radiations. (1922.) 

12. Determine the mean coefficient of expansion of turpentine 
between room temperature and the temperature of ’ boiling water, 
using a specific gravity bottle as a weight thermometer. (1023.) 
(Practical Examination.) 

13. Make observations on the rate of cooling of a mass of water 
in the given calorimeter. Draw a curve to represent the variation of 
temperature with time, and from this curve obtain a second curve, 
showing how the rate of emission of heat varies with the difference 
between the temperatures of the calorimeter and the room. (1921.) 
(Practical Examination.) 


El.F.MBNTAaV SCIEKCB 

1. Distinguish between apparent expansion and absolute expansion. 

Describe a method of determining the coefficient of absolute expan¬ 
sion of a liquid. (1921.) 

2. Define coefficient of increase of volume and coefficient of increase 
of pressure, with temperature, of a gas, and describe how you would 
measure the latter. (1922.) 

3. What is meant by the latent heat of a substance ? 

How would you determine the latent heat of an unknown substance 
which melted at about 60* C. ? Describe any precautions you would 
take. (1922.) 

4. What is meant by the vapour pressure of a liquid ? How would 

you measure the vapour pressure of water at temperatures between 
70® C. and 105® C. ? (1921.) 

6 . Describe a method of determining the mechanical equivalent of 
heat. 

Mention any sources of error in the method and show how these 
are eliminated. (1921.) 

6 . Describe how the specific heat of a substance may be measured 
by the method of cooling. 

500 grams of water and an equal volume of a liquid of mass 400 
grams when placed successively in the same calorimeter cool from 
55° C. to 50® C. in 280 seconds and 200 seconds respectively. If the 
mass of the copper calorimeter is 200 grams, and the specific heat of 
copper 0-1, find the specific heat of the liquid. (1023.) 

7. Describe a method of comparing the specific thermal conduc¬ 
tivities of two substances. 

A vessel 1 cm. thick and with an external area of 400 sq. cm. con¬ 
tains water. The outer surface is kept at a temperature of 150® C. and 
the water at 100® C. How much water will evaporate in 10 minutes ? 

'Ihe specific thermal conductivity of the material of the vessel may 
be taken as 0-2 e.g.s. unit, and the latent heat as 536. (1922.) 
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8 . Make experiments to verify the relation between the pressure 
of a gas and its temperature. Represent your results graphically, 
and deduce the coefficient of increase of pressure with temperature. 
(1023.) (Practical Examination.) 

9. Determine the latent heat of fusion of ice. (1921.) (Practical 
Examination.) 

10. Make observations to determine the temperature of the given 
solid three minutes after removal from boiling water. The specific 
heat of the solid is not given. (1922.) (Practical Examination.) 

11 . Determine the dewpoint by two methods. For one method 
a polished calorimeter and ice will be provided ; for the other a wet 
and dry bulb thermometer and suitable tables. 

Calculate the relative humidity. (1922.) (Practical Examination.) 


SuBsiDiABT Subject 

1 . Write a short essay on the measurement of temperature. (1921.) 

2 . Describe some form of weight thermometer, and give an account 
of its experimental use. (1922.) 

3. Show that the coefficient of cubical expansion of a substance is 
practically three times that of linear expansion. 

Give a careful account of any method of finding the coefficient of 
expansion of a liquid. (1922.) 

4. What is meant by the “ coefficient of expansion of a substance ” t 

Describe a method of measuring the coefficient of linear expansion 

of a metal, pointing out any sources of error in the method. 

How is the coefficient of cubical expansion related to that of linear 
expansion ? (1921.) 

5 . Give an account of any method of determining the coefficient of 
cubical expansion of a liquid, stating the corrections you would apply 
to your observations. (1923.) 

6 . Describe the main sources of error in the determination ol 
specific heats by the calorimetric method, and explain how they may 
be overcome. (1921.) 

7. State the experimental arrangements necessary in the deter* 
mination of (a) the latent heat of fusion of ice, and (6) the latent heat 
of steam. Indicate in each case how you would perform the necessary 
calculations. (1922.) 

8 . Describe the changes which take place in the volume of a mass 
of ice initially at —5® C. as its temperature is raised until it is converted 
into steam at lOO*^ C, 

Would a thermometer filled with watei' be any use in finding tem¬ 
peratures between 2° C. and about 8® C. ? (1921.) 

9. Show how to determine the specific heat of a liquid by the method 
of cooling, (1922.) 

10. Explain carefully what is meant by vapour pressure, and 
describe how you would measure the vapour pressure of a liquid at 
different temperatures. (1923.) 


EXAMINATION QUESTIONS 




LONOON UNIVERSITY INTERMEDIATE SCIENCE 

1. Describe a good method for the determination of the linear 
coefficient of thermal expansion of a metal bar. (1920.) 

2. Explain how the thermal expansion of a metal rod may be 
measured. (1920.) 

3. What is meant by the statement that the coefficient of linear 
expansion of steel is 0*000012 per degree C. ? 

If a clock with an uncompensated pendulum of steel keeps correct 
time at 15® C., how many seconds would it lose in 24 hours at a tem¬ 
perature of 25® C, ? (1922.) 

4. Describe some form of constant volume air thermometer. Explain 
how you would graduate it and how you would use it to find the boiling 
point of a salt solution. 

In what respects, if any, is an air thermometer superior to a mercury 
thermometer ? (1923.) 

5. Discuss the advantage of a constant volume air thermometer as 
compared with an air thermometer under constant pressure. (1921.) 

6 . Define latent heat and describe how to determine it for the fusion 
of ice. (1920.) 

7. Describe how you would measure the dewpoint, and explain care¬ 
fully how the relative humidity of the atmosphere may be ascertained 
from a knowledge of the de>vpoint and of the saturation vapour pressure 
of water at different temperatures. (1921.) 

8 . Describe and explain a method of finding the dewpoint. How 

could you utilise the result to find the weight of water vapour contained 
in a cubic metre of the air ? (1923.) 

9. Explain what is meant by the statement that the mechanical 
equivalent of heat is 4-2 x 10’ ergs per calorie. 

An aluminium fly-wheel, radius 7-5 cm. and mass 1000 gm., is 
driven at the rate of 100 revolutions per minute. Its rim is braked by 
a silk band, one end of which carries a load of 2 kgm., while the other 
is attached to a spring balance reading 180 gm. Assuming all the heat 
generated is spent in raising the temperature of the wheel, calculate 
its rise of temperature in one minute. (Specific heat of aluminium 
0*22.) (1923.) 

10. Why is the quantity of heat required to raise the temperature 
of a given mass of air through 1® C. greater when the air is allowed to 
expand than when its volume is kept constant ? Explain how this 
fact has been used to obtain a value for the mechanical equivalent of 
heat. (1923.) 

11. Explain the statement that the thermal conductivity of glass is 
0*002 in e.G.S. units. 

The inside of a glass window, 0*3 cm. thick, is at a temperature of 
15® C. and the outside at 5® C. Estimate the rate at which heat is 
escaping through the window if its area be 2 sq. metres. (1922.) 
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PART IIL—SOUND 

LONDON UNIVERSITY MATRICULATION 

Draw a diagram showing the passage of transverse waves along 
a line of particles, and by the help of your diagram indicate the meaning 
of the words amplitude^ phase, period, 'uoave^lenglh, frequency. (1922.) 

2. How docs sound travel through gases ? 

Indicate briefly how, if at all, the velocity of a soimd depends 
(a) on its wave-length, (6) on the density of the gas, (c) on the 
temperature of the gas. (1921.) 

3. During bombing practice in the neighbourhood of a corrugated 
iron fence an observer noticed that the explosion of each bomb was 
followed by a shrill echo. Explain this with a rough diagram of the 
relative positions of the bomb, the fence, and the observer. (1920.) 

4. Prove tlie relation connecting the velocity of propagation of a 
wave with its frequency and wave-length. 

Give an account of the various modes of transverse vibration of a 
stretched string and explain how you would show that the frequency 
is inversely proportional to the wave-length, the tension being constant. 
(1019.) 

5. How would you verify with a sonometer the law connecting the 
frequency of a stretched string with its tension ? 

If an additional 75 lb. raises the pitch an octave, what was the 
original tension ? (1023.) 

6 . What is meant by an overtone ? 

Give an account of the first three overtones which may be present 
in a vibrating air column closed at one end. How could you demon¬ 
strate the existence of overtones when a musical note is sounded 
{e.g. when a note is struck on a piano) ? (1920.) 


OXFORD AND CAMBRIDGE SCHOOLS EXAMINATION 

BOARD. HIGHER CERTIFICATES 

Physics 

1. Describe and compare the characteristics of the wave motion in 
the following cases : 

{a) a progressive sound-wave in air ; 

(5) the motion in an organ pipe adjusted to resonance. 

(c) the vibration of a stretched string. (1923.) 

2. Write a short essay on resonance, illustrating your answer by 
examples from as many branches of physics as possible. (1923.) 

3. Describe fully a method of determining the pitch of a tuning- 
fork. (1922.) 

4. Describe a method of producing stationary waves using (o) longi¬ 
tudinal waves, (5) transverse waves. 

How would you show the position of the nodes and anti-nodes in 
each case ? (1921.) 


EXAMINATION QTTBSTIONS 
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5. Adjust the len^h of the given tube for resonance with tuning- 
forks of different known frequencies. Represent your results graphic- 
ally by plotting a curve to illustrate the relation between the reciprocal 
of the firequency and the corresponding length of the resonance column. 

Deduce a value for the ** end-correction.** (1922.) (Practica) 
Examination.) 


LONDON UNIVERSITY INTERMEDIATE SCIENCE 

1. Describe a good method to determine the frequency of the note 
emitted by a timing-fork. (1928.) 

2. A light string carrying a load of 100 grm. is attached to the prong 
of a tuning-fork and vibrates in three segments when the fork is bowed. 
Explain this and show how the string may be made to vibrate in five 
segments by either (a) altering its length, or (6) changing the load. 
(1923.) 

3. Describe the nature of the motion and of the pressure changes 

within an open organ pipe sounding its fundamental. If the note has 
the same frequency as that of a siren with a disc containing 12 holes 
and making 1000 revolutions per min., when the velocity of sound in 
the air is 1100 feet per second, calculate the length of the organ pipe. 
How nearly would you expect the measured length to agree with tliat 
calculated ? (1923.) 


PART IV.—LIGHT 

LONDON UNIVERSITY MATRICULATION 

1. Describe how to compare the effective candle-power of a lamp 
covered with a glass shade with its candle-power when the shade is 
removed. 

Find the ratio of the distances of the lamp from the photometer 
if the shade absorbs 9*75 per cent, of the light emitted by the lamp, 
assuming the distance of the comparison source to be the same in each 
case. (1021.) 

2. Describe an arrangement by wliich you could investigate the 
percentage of light reflected at different angles by a piece of plain glass. 
(1921.) 

3. Prove that if a mirror rotates, a ray reflected from it turns 

through twice the angle through which the mirror turns. How would 
you verify this experimentally ? (1022.) 

4. Explain the formation of images by multiple reflections. 

Tivo parallel mirrors, 12 ft. apart, face each other, and an object 
is placed 3 ft. from one mirror. Represent to scale the first three 
images seen in each mirror, and draw rays whereby an observ’er, looking 
into one of the mirrors, sees an image formed after five reflections in 
aU. (1920.) 
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6 .. Draw as accurately as you caa the path of three pencils of rays 
from a point under water (refractive index to three different eyes 
above the surface, the angles of incidence of the central rays of the 
pencils in the water being 0”, 30®, 45°. By means of your figure explain 
the change in the apparent depth of the water as the position of the 
observer changes. (1923.) 

6 . A bright point P is 2 in. from the front surface of a plane mirror 

consisting of a piece of plate glass i in. thick silvered at the back. 
Draw a careful diagram showing the positions of the first two images 
of P formed by the glass. Does the position of either depend upon 
your point of view ? (1921.) 

7. Explain the term principal focus of a concave spherical mirror, 
and find from first principles its approximate position. 

Give a geometrical construction for finding the position and nature 
of the image of a small object formed by a concave mirror, and obtain 
a formula for the magnification. (1921.) 

8 . In what circumstances does a convex lens form a real 
image ? 

A lens of 12 in. focus is used to throw an image of a lantern slide 
3 in. square on a screen 50 ft. away. IVhere must the lantern slide 
be placed, and what will be the size of the picture ? (1922.) 

9. A convex lens of 10 in. focal length forms a virtual image three 
times the height of the object. Where must the object be placed ? 
Solve the problem first by drawing and then by formula. (1921.) 

10. What conditions are necessary for a lens to form a real image 
smaller than the object ? Give an explanatory diagram. 

A camera lens of focal length 1 ft. is in focus for distant objects. 
What change must be made in the distance between the lens and the 
film in order that an object lO ft. off may be in focus ? What would 
the corresponding change be for a camera lens of 6 in. focal length ? 
(1923.) 

11. ABC is a section of a right-angled glass prism of refractive 

index 1*5. ABC=90°, AB=BC=2 in. Rays parallel to AC are 

incident on the face AB at'points ^ in. and IJ in. from A. Trace the 
subsequent course of the rays. (1921.) 

12. Explain why one or more lenses are usually used with a prism 
to form a spectrum. 

A prism is set in the minimum deviation position for yellow light. 
How must it be turned to bring it into the minimum deviation position 
for blue light, and what effect will this turning have on the spectrum ? 
(1922.) 


OXFORD AND CAMBRIDGE SCHOOLS EXAMINATION BOARD. 

HIGHER CERTIFICATES 

Physics 

1. Find an expression for the magnification of a small linear object 
placed perpendicular to the axis of a concave mirror. 

Show that for a small linear object along the axis of the mirror the 
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magnification is the square of the magnification for the same object 
placed perpendicular to the axis. (1921.) 

2 . IIow would you deteripine the focal length of (a) a double convex 
lens, and (6) a double concave lens ? 

Find an expression for the focal length of a thin lens in terms of the 
index of refiraction of its material, and the radii of curvature of its 
surfaces. (1928.) 

8 . A pin, convex lens, and plane mirror are adjusted so that (a) an 
inverted image, (d) an erect image, is formed coincident with the 
object. Give diagrams showing how images of points of the object 
off the axis are produced in the two cases. 

How would you determine the focal length of the lens in the two 
experiments ? (1922.) 

4. Show how lenses may be combined to form a telescope. Explain 
what is meant by the magnifying power of a telescope, and find an 
expression for the magnifying power of a telescope, consisting of two 
lenses, when used to view distant objects. (1922.) 

5. Describe the spectrometer and give an account of its uses. 
(1921.) 

6. Describe the prism spectrometer, illustrating your answer by a 
careful diagram to show the formation of a spectrum of a source of 
white light. 

Give an account of some of the uses of the spectrometer. (1928.) 

7 . Write a short essay on wave-motion, with special reference to 
sound and light waves. (1922.) 

8. Describe carefully how the re&action of light is explained on the 
wave theory, considering in particular the refraction of a plane wave 
at a plane surface. (1022.) 

9. Give an account of the wave theory of light, and show how the 
reflection of light may be explained on this theory. (1921.) 

10. How has it been shown that the velocity of light in atr is greater 
than the velocity of light in an optically denser medium such as glass ? 

What is the importance of this experimental result ? (1921.) 

11. Give an account of either Fizeau’s or Foucault’s method of 
measuring the velocity of light. 

In an experiment for the determination of the velocity of light by 
the revolving mirror method, the distances from the rotating mirror to 
the source of light and fixed mirror are 40 metres and 500 metres 
respectively. If the mirror makes 200 revolutions per sec. and tlie 
velocity of light is 8 x 10^® cm. per sec., what shift of the image would 
you expect ? (1923.) 

12. Write a short essay on colour. (1922.) 

13. Measure the distance y between an object and its real image 
formed by a lens, for different distances x of the object from the lens. 
Represent your results graphically, and deduce from your graph the 
focal length of the lens. (1922.) (Practical Examination.) 

14. Determine the focal length of the given concave lens by 
combining it with a concave mirror. A series of observations should 
be taken. (1923.) (Practical Examination.) 

15. Find the deviation produced by the given prism for a series 
of angles of incidence. Represent your results graphically, and 
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determine the angle of minimum deviation. Hence find the refractive 
index of the glass. (1921.) (Practical Examination.) 

Elementaby Science 

1 . Describe an accurate method of comparing the illuminating 
powers of two sources of light. 

What is the candle-power of a lamp which illuminates a surface at 
a distance of 15 ft. from it, as much as a 82 candle-power lamp when at 
a distance of 2 ft. ? (1921.) 

2. State the laws of refraction of light. 

An object is viewed through a cube of glass. Explain how the 
refractive index of the glass may be deduced from observations of the 
apparent position of the object. (1922.) 

8 . State the laws of refraction of light. 

Explain why it is that an object, when viewed through a slab of 
transparent material with parallel faces, appears nearer to the eye than 
it really is. Show how this may be applied to determine the refractive 
index of the material. (1923.) 

4. Wliat is meant by total reflection ? Give examples. 

What is the relation between the critical angle and the refractive 
index? (1921.) 

6 . What is (a) a real image, (5) a virtual image ? 

A concave mirror has a ra^us of 20 in. A small object is placed 
on the axis at a distance of 18 in. from the mirror. Find the position 
of the image. 

If a pin 2 in. long is placed on the axis with its point at the centre 
of curvature, find the length of the image. (1921.) 

6 . Explain what is meant by (a) a real image, (6) a virtual image. 

A thin lens forms a real image of an object four times the size of 

the object and 50 cm. from the object. If a thin concave lens, of focal 
length 20 cm., is placed in contact with the first lens, show that a 
virtual image will now be formed of the same size as the first image. 
(1923.) 

7. Wliat is (a) a real image, (6) a virtual image ? 

An image 1 cm. long of an object is formed on a screen by a convex 
lens. Keeping the object and screen fixed, the lens is moved until a 
second image is formed on the screen. If this image is 0-75 cm. long, 
what is the length of the object ? (1922.) 

8 . How may two lenses be combined to form a microscope ? 

A compound microscope contains two convex lenses, an objective 
of focal length 0-5 in., and an eyepiece of focal length 1 in. An object 
is placed at a distance of in. from the objective. Wliat will be the 
distance between the object-glass and eyepiece if the final image is 
seen at a distance of 10 in. from the eye ? (1922.) 

9. Determine the focal length of the given concave lens by combining 
it with a convex lens. A series of observations should be made. (1922.) 
(Practical Examination.) 

10. Place a pin at different distances u from the given convex lens, 
and determine the distance of the image v in each case. 

Represent graphically the relation between the reciprocals of u and 
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r, and deduce the focal length of the lens. (1921.) (Practical 
Gxam ination.) 

11. Place a pin at different distances u from a convex lens and 
measure the distances v of the corresponding images from the lens. 
•Represent graphicaUy the relation between the reciprocals of u and i>, 
and deduce the value of the focal length of the lens. (1923.) (Practical 
Examination.) 

SuBsmiABV Subject 

1. What do you imderstand by the focus and focal length of a 

concave mirror ? How far from a concave mirror of 10 in. focal length 
must an object be placed, in order that an image twice its size mav be 
formed ? (1921.) 

2 . State the laws of reflection and refraction in optics. Give any 
method of determining the focal length of a convex lens. (1922.) 

3. Explain how two lenses may be combined to form (a) a 
microscope, and (6) a telescope. 

Draw careful diagrams illustrating the passage of a pencil of light 
through the system from a point off the axis. (1923.) 

4. Define refractive index. How would you measure the refractive 

index of (a) a glass plate, and (6) a prism ? (1922.) 

5. Give an account of the optical system of the eye, and explain 
any common defects of vision. A long-sighted person cannot see 
objects any nearer than 25 in. What kind of lens will he require in 
order to see clearly objects at all distances greater than 10 in., and 
what must be the focal length of the lens ? 

6 . For what defects of vision are convex and concave lenses, 
respectively, used in spectacles ? Illustrate by diagrams, how they 
correct these defects. (1921.) 


LONDON UNIVERSITY INTERMEDIATE SCIENCE 

1. Describe the apparatus with which you would compare the 
candle-powers of two sources of light. Explain how you would use it 
to test the statement that a given glass plate transmits only 40 per cent 
of the incident light. (1923.) 

2. Where must an object be placed with respect to a convex lens 
of 1 in. focal length in order that (1) a real image, (2) a virtual image, 
may be formed a foot away from the lens ? Give a diagram showing, 
in each case, how the image is formed. (1923.) 

3. A convex lens is placed on a plane mirror and a pin adjusted 
vertically above until at a height of 15 cm. an image is formed side by 
side with it. When a convex mirror is substituted for the plane mirror 
the pm must be raised 15 cm. higher for the image to remain in 
coincidence. Draw diagrams explaining how these images are formed, 
and find the focal lengths of the lens and mirror. (1923.) 

4. Describe the essential parts of a spectrometer and explain how 
you would use it to find the refractive index of a substance. (1923.) 

5. Being provided with a source of light, a slit, two convex lenses, 
^ch of 20 cm* focuSi and a prism, describe exactly how you would form 
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a pure spectrum upon a screen. Draw a careful diagram of the arrange* 
ment and use it to show how the spectrum is formed. (1923.) 

6 . Explain briefly the optical action of a normal eye. How are the 
defects of long-sight and short-sight overcome ? 

A person can only see objects distinctly at a distance of 50 cm. from* 
the eye. If he wishes (a) to read a book at a distance of 25 cm., (5) to see 
objects clearly at a distance of 5 m., what kind of lenses must he use, 
and what must be their focal lengths ? (1923.) 

7. Obtain a formula showing how the focal length of a thin convex 
lens can be calculated when the radii of its surfaces and the refractive 
index of the material are known. Describe how you would test the 
formula experimentally. (1923.) (Intermediate Honours.) 


PART V.—ELECTRICITY AND MAGNETISM 

LONDON UNIVERSITY MATRICULATION 

1 . Give a short account of the molecular theory of magnetism. 

Describe some simple way of determining quantitatively the 

distribution of magnetism along a bar magnet, and indicate what 
results would be obtained with an ordinary bar magnet. (1920.) 

2. An iron bar AB is to be magnetised so that A is north-seeking. 

How may this be done by employing (a) a magnet, (6) the Earth, (c) an 
electric current ? (1921.) 

3. An unmagnetised steel needle in this country is pivoted so that 
it rests in a horizontal position. It is then magnetised and will no 
longer rest horizontally. How must it be loaded to be level again ? 
Suggest a method of finding the magnetic moment of the needle by 
measurement of this load. What other quantities will be needed ? 
(1924.) 

4. What is meant by the statements (a) that the strength of a mag¬ 
netic pole is m units, (b) that the strength of a magnetic field is H units? 

The distance between the poles of a bar magnet is 16 cm., and the 
strength of each pole is 100 units. Find in magnitude and direction 
the field due to the magnet at a point distant 16 cm. from each pole. 
(1920.) 

6 . “ The strength of the Earth’s horizontal field in London is 0-18.** 
Explain fully the meaning of this statement. 

If a small needle makes 12 oscillations per minute in this field, what 
addition to the field will be needed for it to make 20 oscillations per 
minute without change of its mean position ? (1923.) 

6 . Describe the construction of an electroscope and explain carefully 
how it should be used to determine the sign of the charge on a conductor. 
(1921.) 

7. Describe two experiments to illustrate the discharging effect of 
a sharp-pointed conductor and two practical applicaTtions of the 
phenomenon. (1921.) 
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8. Describe the process of charging an electroscope (a) positively, 

(6) negatively, using in both operations a negatively electrified ebonite 
rod. (1922.) 

Substances may be classed as good and bad insulators, or good 
and bad conductors. Distinguish between these and give a list of six 
substances in order covering the whole range. (1928.) 

10. An insulated metal plate is connected to an electroscope and 
given a positive charge. Aia earth>connected metal plate is brought 
near the first one. Draw two diagrams showing the distribution of 
the lines of force and indicating the behaviour of the electroscope. 
(1922*) 

, How would you show that the potential of a charged conductor 

w the same all over it ? Would you use a small or a large electroscope 
for this purpose ? Give a reason for your choice. (1924.) 

12. Define unit charge. 

Two small conducting spheres of the same size, and 4 cm. apart in 
air, have charges of -f-18 and —2 respectively. What is the force 
between them ? ^Vhat will it be if they are brought in contact and 
then replaced as before ? (1921.) 

18. Define unit quantity of electricity. 

A pith-ball charged with SO imits attracts another pith-ball of the 
same capacity 6 cm. distant with a force of 10 dynes. Find the charge 
on the second ball. If the balls are allowed to touch and again separated 
at the same distance, find the new force between them. (1928.) 

14. How may the inverse square law of electric force be verified 
by the torsion balance (or otherwise) ? 

Two small equal spheres carrying charges of +5 and —10 units are 
placed 20 cm. apart. Find the force they exert on each other (a) before, 

(6) after they have been connected for a moment by a conducting wire. 
(1919.) 

15. Why do we believe that the electricity obtained from an 
electrical machine is the same as that obtained from a Daniell cell ? 
Explain the di^erences observed in the two cases. (1923.) 

16. Explain the principle of the tangent galvanometer. An 
electric circuit includes a tangent galvanometer which gives a deflection 
of 45*. When, however, an additional resistance of 5 ohms is put in 
the circuit this deflection is reduced to 80*. Calculate the total 
resistance of the circuit in the first instance. (1920.) 

17. Given a coil of resistance wire, how would you proceed (q) to 

make a 1-ohm coil from the wire, (6) to find the specific resistance of the 
material ? (1924.) 

18. State Ohm’s law, and show how it provides a definition of 
electrical resistance. 

Two coils in series have a resistance of 18 ohms, and in parallel a 
resistance of 4 ohms. Find their separate resistances, proving from 
first principles any formulae which you employ, ( 1921 .) 

19. A resistance coil is in series with an ammeter of negligible 
resistance and a lamp of 200 ohms resistance, the voltage of the supply 
being 110. The potential difference, measured by a voltmeter, between 
the terminals of the coil is 2 volts. What should the ammeter-reading 
be, and what is the resistance of the coil ? Draw a diagram showing 
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the connections of ammeter and voltmeter, marking + and —. 
(1922.) 

20. A Daniell cell is connected to a voltmeter, the reading being 

I'l volt. The terminals of the cell are now connected to a 2-ohm coil, 
and the voltmeter reading falls to 0*8 volt. Find the resistance of the 
cell. What would you expect the voltmeter to read if a 1-ohm coU 
were substituted for the 2-ohm coil ? (1923.) 

21. Explain why the original simple cell discovered by Volta is no 
longer used as a source of current, and describe the method used in some 
other form of cell to overcome the defects of the original type. 

For what purposes are primary batteries used at the present time ? 
(1923.) 

22. Describe what happens when an electric current is passed 
througli a solution of sodium sulphate (or other similar salt), platinum 
electrodes being used. 

How long will it take for 100 c.c. of hydrogen to be evolved if the 
current is ^ ampere ? 

(96,500 coulombs liberate 1 gm. of hydrogen which occupies Hi 
litres.) (1924.) 

23. State Faraday’s laws of electrolysis, and show how they may be 
applied to measure the strength of an electric current. (1921.) 

24. Give a diagram and brief explanation of an electric bell and of a 
battery suitable for working it. (1923.) 

25. Explain the term electromagnetic induction. 

Sketch and describe carefully some apparatus or machine whose 
action depends upon electromagnetic induction. (1919.) 

26. Explain the working of an induction coil, pointing out the ways 
in which the different parts of it contribute to increase the length of the 
spark. (1921.) 

OXFORD AND CAIMTBRIDGE SCHOOLS EXAMINATION 

BOARD. HIGHER CERTIFICATES 

Physics 

1. Describe an experimental method of verifying the law of inverse 

squares for magnetic poles. (1921.) 

2. Describe an experiment by which you could measure the magnetic 

moment of a bar magnet. (1923.) 

3. Explain what is meant by the angle of dip, and describe a method 

of measuring it accurately. 

Observations are made of the apparent angle of dip in two vertical 
planes at right angles to each other. If a, and a* are the observed 
values, show that the true value of the angle of dip a is given by the 
expression 

cot* a=cot* Oi-f-cot* Og. (1922.) 

4. Define electric intensity and electric potential at a point. 

Point charges of electricity equal to +100, +100, and —800 

respectively are placed at the corners of an equilateral triangle ABC ot 
side 10 cm. Find (a) the force on a point positive charge of 2 units 
placed at the intersection Q of the me^an lines, and (6) the work done 
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in taking this charge from the point O to the middle point of AB. 
(1922.) 

5. Explain what is meant by electrical potential, and find an 
expression for the potential at a point due to a charged spherical 
conductor. 

Show that the capacity of a spherical conductor is numerically equal 
to its radius. (1923.) 

6. Describe some form of electrical induction machine. Why does 

a sharp point attached to an electrical machine prevent a high potential 
being obtained ? (1921.) 

Give an account of the magnetic effects due to electric currents. 

Calculate the intensity of the magnetic field at the centre of the coil 
of a galvanometer of 100 turns of wire and 10 cm. mean radius, when a 
current of 0*2 ampere fiows through the coil. (1921.) 

8. State KJrchhofTs laws. 

In a Wheatstone bridge arrangement, the four resistances AB, BC, 
CD, and DA are 1 ohm, 2 ohms, 3 ohms, and 2 ohms respectively. 
The cell connected between A and C has an E.M.F. of 2 volts and 
internal resistance of 2 ohms. Find the current through the galvano¬ 
meter if the latter has a resistance of 4 ohms. (1922.) 

9. Describe a method of measuring the resistance of a cell. 

Six similar cells are connected in series with a resistance of 18 ohms 
and a key. The terminals of the battery are connected to a high- 
resistance voltmeter. The readings of the voltmeter with the key 
open and closed are 12 volts and 9 volts respectively. Find the 
resistance of one cell. (1922.) 

10. State Ohm*s law, and describe carefully the experiments you 
would make in order to verify it. 

Does this law hold in the case of an electrolyte such as dilute sul¬ 
phuric acid ? (1922.) 

11. Describe a method of comparing a small electromotive force 
such as that of a thermocouple with that of a Daniell cell. (1921.) 

12. Find an expression for the heating effect produced by an electric 
current in flowing through a resistance. 

A current of i ampere fiows through a resistance of 50 ohms 
immersed in a calorimeter containing water. If the water equivalent 
of the calorimeter and contents is 100 grams, find the rise in temperature 
per second, neglecting losses of heat. (1923.) 

18. Give an account of the heating effects of electric currents. 

A wire 1 mm. in diameter carries a current of 2 amperes. Assuming 
that the specific resistance of the wire is 2xl0~* ohms per cm.®, and 
that no heat is lost by convection or conduction, calculate the amount 
of heat radiated per square centimetre per second when the temperature 
of the wire has reached a steady state. (1921.) 

14. Describe some practical form of ammeter or voltmeter, giving 
details of the principles which underlie its use. (1923.) 

15. Describe some form of suspended coil galvanometer, and explain 
the advantages of this form of instrument. 

The coil of such an instrument has an effective area of 40 sq. cm. and 
swings in a field of 100 gauss. A couple of 2 dyne-cm. is required to 
twist the coil through one radian. Find the current which will produce 
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a deflection of 1 mm. on a scale distant 1 metre from the instrument. 
^ 922 .) 

16. State the laws of electromagnetic induction. 

An earth inductor, which has a coil of 20 turns and an area of 400 
sq. cm. per turn, makes 40 revolutions per second in a magnetic field of 
intensity 0*5 gauss. Assuming that the resistance of the circuit is 
40 ohms and that a commutator is used, find the average value of the 
current. (1921.) 

17. State the laws of electromagnetic induction. How have these 
laws been deduced ? 

A circular coil of 60 turns of wire revolves 50 times per second in a 
magnetic field of intensity 20 gauss about a diameter perpendicular 
to the field. If the area of each turn is 500 sq. cm. and the resistance 
of the coil is 50 ohms, find the average current in the coil when a 
commutator is in circuit. (1023.) 

18. Make experiments to determine how the magnetic intensity 
due to a bar magnet varies with the distance from its centre for points 
on the equatorial plane. 

Represent your results graphically, and deduce the distance between 
the poles of the magnet. (1922.) (Practical Examination.) 

19. Make experiments to determine how the magnetic intensity at 
a point on the axis of a magnet, due to the magnet, varies with the 
distance of the point from the centre of the magnet. 

Represent your results graphically. (1921.) (Practical Examina* 
tion.) 

20. Make experiments with a vibration magnetometer to determine 
how the intensity of the magnetic field due to a bar magnet at a point 
on its axis depends on the distance of the point from the centre of the 
magnet. (1923.) (Practical Examination.) 

21. Connect in series a cell of small resistance, a resistance box, and 
a tangent galvanometer. Make observations of the current for dif¬ 
ferent values of the resistance. 

Represent your results graphically, and from the graph deduce the 
resistance of the galvanometer. (1922.) (Practical Examination.) 

22. Connect in series a tangent galvanometer, a resistance box, 
and a cell of small resistance and known E.M.F. Make observations of 
the angle of deflection for a series of values of the resistance, and plot 
a graph showing how the cotangent of the angle varies with the 
resistance in the box. 

Deduce the value of the reduction factor of the galvanometer. 
(1923.) (Practical Examination.) 

28. Use a potentiometer method to measure the difference of 
potential between the terminals of a Daniell cell (a) when the cell is 
on open circuit, (b) when the terminals are joined by a resistance of 2 
ohms. Hence determine the resistance of the cell. (1921.) (Practical 
Examination.) 


ANSWERS 

PART I.—DYNAMICS AND PROPERTIES OF MATTER 


CHAPTER I 

1. 16-39 c.c.; 28,310 c.c. 2. 28-31; 28-31 kg. ; 62-43 lb. 3. 711-5 
lb./ft.« ; 0-4118 Ib./inch.® 

CHAPTER II 

1. Two-thirds of a mile per minute. 2. 6-83 ml./hr. 80® 55'W. of N. 
8. 6-124 ml./hr. making 112® 80' with the initial direction of motion 
of train j 11-81 ml./hr. making 135® with the initial direction of motion 
of train. 4. 2200 ft. ; 0-44 ftTpec.*^' 5. 256 ft. ; 4 sec. 6. 8 sec. ; 
90 ft. 7. 43-8 ft./sec. ; 1-37 sec. 8. 1-56 ft. 9. 7-81 ft. 10. 53-8 ft. 
11. 44 ft./sec. ; ^ft./sec.® 12. 2 ^ ml. 13. 14-34 ft./sec.® 14. 0-1112 
ft./sec.® 15. 2-587x10® sec.—*; 8*042 cm./sec, 16. 8-041 cm./sec • 
2-586x10* cm./sec.® * 

CHAPTER III 

1. 25-98 lb. ; 15 lb. 2. 10 gm. 3. 141-4 gm. in first thread ♦ 

100 gm. in second. 4. 24 lb. 5. 10-44 gm. making 125® 24' with the 
given line. 6. No ; they cause rotation. 7. 210 lb. slung 2 of AB 
from A. 9. At 86-05 cm. 10. 77-48 gm. U. 6 lb. ; lO lb. ^ 


CHAPTER IV 

1. 25 gm. 2. 8 ft./sec. 3. 9-972x10® d 3 rnes. 4. 9 6 ft/sec 
6. (i) 12 dynes; (u) 0-0122 gm. 6. 128 1b. 7. (i) 4-58 tons ; (ii) 5-04 

of* stones; 10^ stones. 10. ^ ton; 4 lb. 

11. 6-38 ft./sec. 12. cm./sec. ; cm./sec. Is! It loses 18 

per day. 14. 40-3 inches. 15. 0-4 per cent. 16. 8-27 lb. 17. 87-1 cm. 


CHAPTER V 

376 pdl. up ; 56 pdl. down. 3. 401 cm./sec. ; 501 
cm. 4. 0-58. 5. 135-8 cm./sec.® ; 248-5 cm./sec.® 6. 16-4 ft /sec • 

396 ft. 8. Take a point D on AB, so that AD—2DB- 3DG=4Gc’ 
9. In axis of symmetry i a from centre. 10. a V2/6 from centre along 
axis of symmetry. 11. 1-06 cm. from centre of large cylinder. 


CHAPTER VI 

1. 1-857x10’ ergs. 2. 792 ft.-tons. 3. (i) 17GOO ergs; (ii) 3200 
gm.-cm. ; (in) 9 ft.-lb. 4. 5-843x10* ft.-lb./cub. ft. 5. 340 ft. ib. 
6. 1-227x10® ergs. 7. 4114 ergs. 8. (i) 4-735x10® ergy ; 97*29 

eia 


ANSWERS 


620 

cm./sec, ; (ii> 8-542 x 10* ergs ; 84-14 cm./sec. 9. 1056 cub. ft 

10. 616 H.P. 

CHAPTER VII 

1. 6-169 X10* ergs. 2. o>=8-67 rad./sec. 3.0-7854 rad./sec.» 
4. 2011 ft.-pdi. 5. 195 ft.-lb. 6. 27tV'(2//3g). 7. 5-71 HP. 8. 81-968 
ft./sec.2 9. 0-349 per cent. 10. 0-000513 dyne, 

CHAPTER VIII 

1. 102-5. 2. 11-09. 3. eO". 4, 40 gm. 5. 1 to 3. 6. 15-8 tons 

0 ft. down. 7. 25 tons. 8. 3-6 tons ; 0-087 inch. 

CHAPTER tX 

1. 12-10 metres. 2. 9-97 Ib./sq. in. 3. 1800 ft. 4. 104. 6. 53370, 

7. 150-6 cm. ; 57-24 cm. 8. 11 ; 1, neglecting thickness of piston. 

9. 28-6 cm. 10. 80-7 inches. 11. 74-1 cm, 12. 20-9 cm. 13. 2-70 ft. 
14. 280-2 cm./sec. 

CHAPTER X 

1, 0-107. 2. 4-97,: 1. 3. 0-648 gm. 4. 2*5 times the original 

density, the latter being supposed atmospheric. 6, 10-24 ft. 6. No. 
7. 0-0362 mm. 

CHAPTER XI 

1. 22-610 gm. 2. (i) 67 tons; (ii) 43 tons. 3. 515-8 kg. 

4. 11-40. 6. 1-069. 6, 0-009. 7. 8-97. 8. 0-653. 9. 1-056. 

10. 1-088. 11. 11-35. 12. 9196 cubic yards. 13. 1748. 

CHAPTER XH 

1. 2-02x10* gm./cm.» 2. 4001 gm. 3. 70 dynes/cm. 4. 2-81 gin. 

5. 0-0050 cm. 6. 1*68 mm. 7. No. 


PART II.—HEAT 

CHAPTER I 

1. 36-7^* C., 24-4® C., 13-3® C. 2. (i) 24-8®, 71-6®, 190-4®, 283-6® F.. 
(ii) —3-2®, 17-6®, 70-4®, 89-6® R. 8. —80 0®, —14-4®, 8-3®, 44-4® C. 
4. (i) —40-0® C.. (u) -25-6® R. 5. (i) 98-10® C,, (ii) 98-79® C., (iii) 
100-91® C. 6. (i) About 95® C., (ii) about 77® C. using the rule 1 inch 
for 900 ft. ; the rule is, however, not applicable lor such great heights, 
and the correct value for Mont Blanc is 84® C. 7. 14-6® C. ; 54-1® C. 
8. 1-000: 1-089. 

CHAPTER II 

1. 174® C. ; 150-488 cm. 2. 59-4 ft. 3. Loses 4-1 seconds per day. 
4. 77-94 cm. 5. 123-664 sq. cm. 6. 0-552. 7. 0-0105 c.c. 8. 0-248 

c.c. 9. 18-449 gm./c.c. 10. 0-708 gm. 11. 85-6® C. 12. 98-7* C. 
13. 0-203 mm. 14. 0-000486. 15. 184-8® C. 16. 1-26 gm. 
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CHAPTER III 

1. 80*5 cm. 2. p at bottom: p at top = 1‘0024: 1*0000. 3, 

70*7® C. 4. 187 gm. 6. Volume 1024 cubic feet. Yes. 6. 81 atmo* 
spheres. 

CHAPTER rV 

1. (a) 31-0® C., (6) 31-7® C. 2. 78-4. 3. 82-7. 4. 0-0325. 6 . 518. 

6. 0 0668. 7. 2*0 gm. 8. 246*9° C. 9. 0*463. 10. 22*8° C. 11. 29*2° C. 

12. 28-8° C. 13. 997*6 calories. 14. 9 oz. of ice are melted. 15. 543*9 

and 638*5 calories. 16. 252. 17. 0*0758. 18. 11-027 calories per 

gram. 19. Gas is cheaper, the ratio of the cost being 34 to 100. 

CHAPTER VI 

2. 62*8 per cent. ; 0*00876 gm./litre. 3. 11-8® C.; 0 01045 gm./litre. 

4. 110 per cent. 6. 67*6 per cent. 6. 4661. 7. 66*3 per cent. 8. 

3*3 per cent. 9. 0*97 mm. 10. 177*4 c.c. 

CHAPTER VII 

1. 1*059 X101® ergs. £. 1*06° C. 3. 0*057° C. 4. 428 metres. 

5. 228® C. 6. 4*60x10^ ergs/cal. 7. 0-561® C. 8. 3-714 x 10« ergs. 
9. 0*9874. 10. 1*84 X10» cm./sec. 11. 0*177 lb. 12. 134-6 cm. 

13. 89*7® C. 

CHAPTER VIII 

1. It would keep longer. 2. 612 calories. 3. 6*4x10® calories. 
4. 0*00154 c.g.s. unit. 5. 0*447 calorie. 

CHAPTER IX 

2. It cuts off the dark heat rays. 3. 0*728. 4. 23*4® C. 6 

0-00105. 6. The ratio is 27*09 : 1. 


PART III.—SOUND 

CHAPTER I 

1. 132-8 cm. 2. Looks like 00 ; a®y*=4a:“(a®— x^). 3.200}; 109 §. 

CHAPTER II 

1. 340-3 metres/sec. ; 1116 ft./scc. 2. 4400 ft. 3. 33*9 sec. 4. 

3 92 mls./hr. 6. 1774 ft. 6. 60 6 ft. 7. 1284 metres/sec. 8. 6, 4. 

CHAPTER III 

1. 102*4. 2. 8*88. 4. 316. 5. 27-4 ; 3512. 6. 1241 cm. ; 9 68 

cm. 7. Natural 391*5, 489-4, 522*0 ; equally tempered 391*1, 492-8, 
522. 8. 648 before ; 652 after. 9. 543*5 before ; 463-0 after. 10. 

68*2 mls./hr. 

CHAPTER IV 

1. 86 1b. 2. 6*406 X10* dynes. 3. 335-3. 4. About 63 cm. 6. 

1*5 per cent. 6. 33*4° C. 7* 384*8 metres/sec. 
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PART rv.—LIGHT 

CHAPTER I 

1. 2*4 in. 2. 50 cm., 20 cm. approximately. 4. 15*53. 5, 49 . 

6. 50*6 cm. from the 16 C.P. lamp towards and 32-6 Jfrom the 10 C.P. 
lamp away from the other lamp. 7. 2*41. 8. 1*00 xlO^’. 9. 2*92 cm. 

10. 3*49 km. 11. 0*177. 12. 8*68x10® ml., 5788 ml. 18. 80-47, 

1*70 hr., 3*74 hr. 

CHAPTER II 

2. 6 ml. per hr. 3. 65®. 5. 3 ft. 2§ in. assuming eyes are 5 in. 

below top of head. 7. 89*4 cm. from screen. 8. 6 ft. in the one, and 
14 ft. in the other. 


CHAPTER III 

1. 83® 6'. 3. 6*006 in. 4. 3*68 cm. 5. 2*74 cm. above the paper. 
6. 4*56 cm. 8. 1*3334. 9. 1*122. 10. 57® 22'. 11. 48® 86'. 12. 
51 •9" less than the apparent elevation. 13. 6/(5—a). 

CHAPTER IV 

1. (I) 17*1 cm. from mirror, 1-48 cm. high, real, inverted ; (ii) 15 cm. 
behind mirror, 5 cm. high, virtual, erect. 2. (i) 86 cm. in front, 2 cm. 
high, real, inverted ; (ii) 12 cm. behind, 2 cm. high, virtual, erect. 3. 

(i) 7*06 cm. behind, 0*59 cm. high, virtual, erect; (ii) 8*75 cm. behind, 
1*25 cm. high, virtual, erect. 4. (i) 7-2 cm. behind, 0*4 cm. high, virtual, 
erect ; (ii) 4 0 cm. behind, 0*66 cm. high, virtual, erect. 5. (i) 13*8 cm., 

(ii) 5 cm. in front. 6. 3-2 ft., at 2 ft. on other side of flame. 7. 1^ ft. 

from mirror, inverted. 9. (n-f-l)//n. 10. 6*45 cm. 11. J/ behind, 

half size, virtual erect. 12. Concave, 60 cm. 13. 80 in. 15. 1*782 ft. 
from plane mirror. 16. 8*98 cm. in front of concave. 17. 41 in. 

CHAPTER V 

1. (i) 48 cm. behind, 1*2 cm. high, real, inverted; (ii) 15 cm. in front, 
3 cm. high, virtual, erect. 2. (i) 36 cm. in front, 3 cm. high, virtual, 
erect ; (ii) 25*7 cm. behind, 0*43 cm. liigh, real, inverted. 3. 1*172 ft. 
from either the flame or the wall. 4. 15*4 cm. in front, 0*77 cm. high, 
virtual, erect. 5. (i) 13*5 cm. in front, 0*25 cm. high, virtual, erect ; 
(ii) 7*2 cm. in front, 0*6 cm. high, virtual, erect. 6. 12 cm.; rays would 
diverge from a point 60 cm. from lens on opposite side. 7. 4 in. 
8. 16 03 cm. 9. 1*12 cm. too large. 11. 10*5 cm., 21 cm. 12. ^/, 
ff. 13. 66-6 cm. 15. 11*79 in., if 30 ft. be measured from lens. 
16. 8^, 16^ in. 18. 20*8 cm. 19. 2*14 in. from surface. 20. 0*34 in. 
away from lens. 21. 76*5 cm. 22. 16 and 48 cm. 23. 8*08 in. 
24. 57*2 cm. 25. (a) 9*8 in. from convex lens on same side as object; 
(6) 88 in. from convex lens on side opposite to concave. 
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CHAPTER VT 

1, 2-86 in. from lens. 8*5 times. 2. 11*6 times. 8. It will be 
half as bright. 5. 1-T sec. 6. 20-6 metres. 7. 0*1010 in. from 
objective. 8. In hundredths of a second 0*98, 2*0, 8*78, 8*0, 15*12, 82*0. 
9. About 1 foot-candle. 10. 16 per sec. 

CHAPTER VII 

1. 48® 11'. 2. 1-586. 3. 88° 39'. 4. 16° 20'. 5. 72° 21'. 7. 
7*8 mm. 8. Upper edge appears blue, lower edge red. 11. In, it 
appears blue ; out, it appears red. 12. 40*5'. 

CHAPTER VIII 

2. -1-2 diopters. 3. —8*38 diopters. 4. —5 diopters. 5. —7*33 
diopters. 6. 3 cm., 4 times. 7. Black, if the colours are pure. 8. No, 
for the quantity of red already in the white would not be Increased. 


CHAPTER IX 

1. Interval is (i) diminished, (ii) increased, by 15-0 sec. 2. 327, 
468. 3. 144'. 5. 5*091 x 10'* per sec., 3*334 x 10“'® erg. 


CHAPTER X 
t. 0*0157 cm. 2. 470 cm. 


PART V.—ELECTRICITY ANT) MAGNETISM 

CHAPTER I 

1. (i) 2*5 dynes ; (ii) 1*2 d^es. 2, 13*9 dynes. 3. 0*246 dyne in 
a direction making 46° 17' with meridian. 4. 229 units. 5. About 
129 c.g.s. units. 

CHAPTER II 

1. 5*40 C.g.s. units ; (ii) 9*35 c.g.s. units. 3. 105 units. 4. 1320, 
1161. 5. 1*163:1. 6. 1050, 0*128. 7. 1109, 0*127. 8. 17*9 sec. 

10. 9:5. 11. 53*9. 12. 14*8. 13. 5*32 sec. 

CHAPTER III 

1. 0*178, 0*100, —0*297 c.g.s. unit. 3. It is in neutral equilibrium 
in all positions. 4. 0*0088 gm. 5. Angle whose tan is tan ^ sin a. 
6 . 0*871 gauss. 
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CHAPTER IV 

1. Negative. 2, Negative. 4. 12 cm. 5. 3*54xl0“*gm. 

CHAPTER V 

1. 2000 ergs. 2. 159-2 cm. 3. 4*17. 4. 0-006, 0-000545, 0-0022 

microfarad. 5. 600 units, 9000 ergs. 6. 3-87, 619. 7. 45 electro¬ 

static units, 22,500 ergs. 8. 16,667 ergs. 9. 1741 cm. 10. 5-55, 
0-69, 0-347 dyne. 11. 4363 ergs. 

CHAPTER VI 

1. Raised. 2. 2-16 amp. 3. 0-151 c.g.s., 41-7®. 4. 3:4. 5. 31-42. 

0-05731. 6. Diminished 18 per cent. 


CHAPTER VII 

1. 1136 ohms. 2, 8-33 and 11-67 ohms. 3. 130-1 metres. 4 0-099 
amp.. 0-99 volt. 5. 0-56 ohm. 6. 105-25 ohms. 7. 1-39 times. 
8. 6-67 ohms. 9. 138-2 ohms. 10. 0-25 ohm. 11. 0 0521 amp., 
0-0065 amp. 12. 0-0175 amp. 13. 0 035 amp. 14. 4:7. 15 0-215 

amp., 0-086 amp. 16.103. 17. 52® C. 18. 1-46® C. 19. 1-46 watts, 
0-00196 HP. 20. 0 045d. 21. 1562 ohms. 22. 4® C. above its 
surroundings. 

CHAPTER VIII 

1. 12-24 ohms. 2. 3-286 ohms. 3. 0-152 volt. 4. 91-48 ohms. 
5. 1-44 dynes. 6. lOOdyne-cm. 7. 4995 ohms, 9905 ohms. 8. 0-0446 
amp .9 0-892 volt. 9. 1*5 and 2-3 ohms. 10. per cent. 

CHAPTER IX 

1. 29 min., 49 sec. 2. 0-1045 gm. H, 3-294 gm. Cu. 3. 0-0392 gra. 
4. 2-68. 5. 0-1009 gm. 


CHAPTER X 

1. Clockwise. 2. 8-5x10 * volt. 3. 2-07 x 10-» volt. 4. 31-4c.g.s. 
unit. 

CHAPTER XI 

1. l-344d., 0-48d., 0-36d. 3. Yes. 4. 1000 amp., 400 kilowatts. 

636 HP. 5. 1600 :1. 

CHAPTER XII 

1. 0-059 rad. 2. 3-94 xl0» cm. per see 3. 76-02 gm. at 35, 
23-98 gm. at 37. 

CHAPTER XIII 

1. 4-42x10“’ sec., 133 metres. 2. 1790 revolutions per sec. 
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—, chromatic, 392—04 
—, spherical, 304 

Absolute expansion of mercury, 154 

— refractive index, 320 

— temperature, ICC 

Absorption of gases by liquids and 
solids, 131 

— spectrum, 800 
Acceleration, 14, 18 
Accumulator, 540 
Acoustics of halls, 260 

Actinic rays, experiments on, 887 
Activity, definition of, 61 
—, optical, 423 
Adhesion, 122 

Adiabatic equation of a gas, 211 
Aerial, 508 

Aeroplane, lifting force on, 07 

Agonic lines, 404 

Air columns, vibrating, 278 

— pump, 00 

— thermometer, 165 

-, Miller’s, 104 

Alpha rays, 583 
Alternating current, 556-57 
Amagat, 03 

Ammeter, 536 

Ampere, 507 

Amplitude of wave, 242 

Anaglyphs, 400 

Analysis, spectrum, 300 

Andrews, 104 

Aneroid barometer, 87 

Angle, critical, of total reflection, 322 

—, measurement of, by light ray, 306 

— of prism, measurement of, 381 
Angstrom unit, 408 

Angular momentum, GO 
Anions, 544 
Annual change, 468 
Anti-nodes, 245 

Aperture of photographic lens, 878 


Apparent depth of water, 817 

— expansion, coefTicient of, 152 
Aqueous humour, 897 
Arago, 252 
Arc lamp, 565 

Archimedes, principle of, 107 

— —~ , experimental illustration, 

108 

Astatic galvanometer, 513 

— needle. 461 
Astigmatism, 400 
Aston, 580 

Astronomical telescope, 364 
Atmospheric refraction, 327 
Atomic energy, 585 

— number, 485, 584 
Audition, 284 
Aurora Borealis, 409 

** B ” position of Gauss, 456 
Back E.M.P. in motor, 572 
Balance-wheel, compensation of, 14S 
Ballistic galvanometer, 537 
Balmain's luminous paint, 388 
Band spectrum, 300 
Barlow’s wheel, 571 
Barograph, 88 
Barometer, 86—89 
Bartholinus, 421 
Basin, coin and, 315 
Battery resistance, measurement of, 
538 

Beats, 268 

Bccquerel, Henri, 588 
Bell, electric, 566 
Bell, Graham, 567 

Bellows, for experiments on sound, 
281 

—, hydrostatic, 82 
Bench, optical 338 
Beta rays, 583 
Bichromate cell, 547 
Bicycle pump, 103 
Binocular vision, 401 
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Black, Joseph, 174 
Blackburn's pendulum^ 250-51 
Blind spot, 898 

-, experiment on, 399 

Blindness, colour, 407 
Boiling, 185 

Boiling-point, determination of, 188 

-, effect of pressure on, 186 

Bomb calorimeter, 179 
Borda, 4 

Bouquet, phantom, 342 
Boyle’s law, 91-93 
Bradley, 411 

Bragg, W. H. and W. L., 582 
Bramah press, 83 
Breaking stress, 120 
Brewster, 422 
Brittleness, 123 
Bulk modulus, 118 
Bunsen photometer, 294 
Bunsen’s ice calorimeter, 177 
Buoyancy, centre of, 114 

— correction, 109 

Cadmium cell, 548 
Calcite, 420 
Callipers, 7 
Caloric theory, 202 
Calorie, 170 

Calorimeter for verifying Joule’s law, 
523 

Calorimetry, 169-79 

Camera, photographic, 312 

—, pinhole, 290 

Canal rays, 580 

Candle, standard, 292 

Capacities, comparison of, 537-38 

Capacity, 490 

— of a cell, 549 
Capillarity, 124 

Carbon dioxide, isothermals for, 194 
Cartesian diver, 81 
Cascade, condensers in, 406 
Cathions, 544 
Cathode rays, 576-77 
Caustic by reflection at a concave 
mirror, 842 

— by refraction at a plane surface, 
321 

Cavendish experiment, 72 
Cells, in parallel and series, 521 
—, voltaic, 545—49 
Celsius, 139 
Centigrade scale, 137 
Centre of gravity, 48-53 

_^ experimental determination 

of. 51 I 


Centre, optical, of a lens, 859 
Centrifugal force, 40 
Centroid, 51 

Characteristic equation of a gas, 167 
Charles’s law, 161 
Chladni’s figures, 284 
Chromatic aberration, 892 

-, experiments on, 394 

-, of eye, 898 

Chronograph, 265 
Ciliary muscle, 397 
Cinematograph, 374 
Circle, uniform motion in, 18 
I -Z^Iinical thermometer, 142 
Coefficient of elastic restitution, 42 

-expansion at constant pressure, 

160 

-, determination of, 

162 

-—-, Regnault’s method, 

163 

-increase of pressure at constant 

volume, 161 

-, determination 

of, 164 

Cohesion, 122 
Coin and basin, 815 
Colladon and Sturm, 258 
Collimator, 880 
Colloids, 130 
Colour blindness, 407 

— disc. Maxwell’s, 404 

— filters, 406 

— triangle, 408 

— vision, 406 

Coloured lights, addition of, 402 

— pigments, mixing, 405 
Combination of lenses and mirrors, 

853 

Commutators, 628, 669 


Compass card, 470 
—, prismatic, 470 
Complementary colours, 402 
Compound microscope, 370 
—> pendulum, 69 

Concave lens, determination of focal 
length of, 352 
— mirror, real image, 831 

-, virtual image, 835 

Concavo-convex lens, 845 

Condensation, 247 

Condenser, capacity of a plate, 498 

—,-spherical, 492 

—, lantern, 874 

oscillatory discharge of, 587 
—, variable air, 492, 495 
Condensers, 490-98 





Condensers* In parallel* 495 
—, In series* 496 
Conductance, 517 
Conduction of heat, 216—28 

-, fundamental law, 217 

Conductivity of a bad conductor* 
measurement of, 220 

-liquids and gases* 221 

—* thermal* 218 
Cones* rods and* 897 
Conjugate points, 832* 348 
Conservation of energy* 64, 210 

-momentum* 87 

Contact* two lenses in* 849 
Continuous spectrum, 390 
Convection of heat* 228—25 

— correction* 176 
Convergent pencil, 289 

Convex lens, determination of focal 
len^h of* 850 

— mirror* 835 
Convexo-concave lens* 845 
Cooling curve* 182* 234 
Cornea* 897 

Coulomb, 480, 481 

Coulomb’s law of magnetism* 444 

Couple* 68 

Critical angle of total reflection, 822 

— temperature* 194 
Crossed nicols* 421 

— prisms experiment* 385 

Crown and flint glass contrasted, 393 
Cryophorus, 188 
Crystal detector, 591 

-, test of* 592 

Crystalline lens* 897 
Crystalloids, 180 
Cubical expansion* 151 

-, coefficient of, 151 

Curie* Mme., 583 
Current balance, 537 
Cylindrical lenses* 360 

— —* used for astigmatism* 400 

D lines* 390 

— —, wave-lengths of, 418 
Dagger, magic* 342 
Dalton’s law, 195 
Damped oscillation, 588 
Daniell cell* 546 
Daniell’s hygrometer* 199 
Davy lamp, 222 

Davy’s experiment on nature of beat* 
203 

Declination* 464 
—* measurement of, 467 
Defects of vision, 899 


Degradation of energy* 211 
Density of earth, 72 
Depth, apparent, of water, 817 
Derived units* 8 
Descartes* law of refraction, 816 
Deviation* minimum* 876 
Dew* formation of* 196 
Dewpoint* 196 
Dialysis* 130 

Diamagnetic substances* 443 
Dielectric constant* 494 
Differential thermometer* 227 
Diffraction* 244* 437 

— grating* 434 

— of sound* 255 
Diffusion of gases, 128 

-liquids* 129 

Dilatometer, 152 
Dimensions of a unit, 5 
Dine’s hygrometer* 200 
Diopters, 400 

Dip, 464 

— circle, 467 

Direct vision spectroscope, 394 

Discharging tongs, 486 

Disintegration, radioactive, 584 

Dispersion of light by a prism* 384 

Displacement of a ray* 877 

Dissipation of energy* 211 

Dissociation, electrolytic, 544 

Distance of distinct vision, 363* 398 

Distillation 

Diurnal change, 468 

Divetgent pencil, 289 

Diving bell* 94 

Dolczalek* 502 

Doppler effect, 270 

llouble refraction, 420 

Dry cell, 547 

Ductility* 123 

Dulong and Petit, law of, 174 

-* apparatus for expansion of a 

liquid* 154 
Dynamo* 568—70 
Dynamometer* 537 
Dyne* 85 

Karth inductor* 550 
Kartb’s field strength* measurement 
of* 460 
Kcho* 254 
Eclipses* 201 
Eddy currents, 557 
Einstein, 424 
Elastic impact, 42 

— limit, 119 
Elasticity* 116—20 


Electric fields 482 
FJectro-chemical equivalent, 542 
Eleotrolysia, 541-45 
Electromagnet, 514 
Electrometer, quadrant, 502 
Electron, 484, 577-79 
Electro-negative elements, 545 
Electrophorus, 476 
Electro-positive elements, 545 
Electroscope, gold-leaf, 474 
Electrotyping, 545 
Emission theory of light, 414 
Emissivity of a surface, 236 
Energy, atomic, 685 
—, kinetic and potential, 01 

— of charged conductor, 490 
Equally tempered scale, 270 
Equilibrant, 25 

Equilibrium, stable, unstable, 52 
Equipotential surfaces, 488 
Erg, 56 

Euclid’s Catoptrics, 315 
Evaporation, 187 
—, cooling effect of, 188 
Expansion of gases, 160-68 

-liquids, 152—57 

-solids, 145-52 

Extraordinary ray, 420 
Eye, 397-401 

Fahrenheit scale, 138 
Falling bodies, 16 

— plate apparatus, 265 
Far point, 308 
Farad,538 
Faraday, 543 
Faraday’s disc, 571 

— experiments on induction of cur¬ 

rents, 553-54 

— ice-pail, 479, 483 

— laws of electrolysis, 542 

— ring, 557 
Feddersen, 588 

Ferromagnetic substances, 443 
Filter pump, 103 
Filters, colour, 406 
Fish and setting sun, 323 
Fizeau, 411 

Flash lamp, test of, 299 

Flint and crown glass contrasted, 393 

Fluorescence, 388 

Focal length, accurate method of 
determining, 353 
Focus of a lens, 346 

-mirror, 332 

Foot-poundal, 56 

Force on current in magnetic field, 583 


Force pump, 104 
Fortin barometer, 80 
Foucault, 418, 417 

— currents, 557 
Fovea centralis, 397 
Franklin, Benjamin, 484, 499 
Franklin’s experiment on boiling. 186 
Fraunhofer lines, 390 
Frequency, measurement of, 265-68 

— of light, 418 

— of 21 

Fresnel’s biprism, 428 

— mirrors, 430 
Friction, 45—48 

—, coefficient of, 46 
—, limiting angle of, 45 
—, rolling, 48 
Frictional machine, 497 
Ft.-lb., 56 

Fundamental units, 3 
Furnace, electric, 565 
Fuse, 523 

Galilean telescope, 367 
Galileo, 16, 17, 80 

—, experiment on velocity of light* 
409 

Galileo’s thermometer, 160 
Gaiton’s whistle, 258 
Galvanic multiplier, 506 
Galvanometer, astatic, 513 
—, ballistic, 537 
—, mirror, 511 
—, moving coil, 535 
—, shunted, 510 
—, sine, 511 
—, tangent, 509-10 
Galvanoscope, 500 
Gamma rays, 583 
Gas constant, 167 

— equation, 167 

Gauss. “ A ” and “ B ” positions of, 
455-56 

—, proof of inverse square law. 459 

—, the, 445 

Geissler tubes, 570 

Ghost, Pepper’s, 807 

Gilbert, 469 

Glaisher’s factor, 199 

Glass plate, light transmitted by, 297 

— sphere, air bubble in, 356 
Gold-leaf electroscope, 474 
Goniometer, 380 
Gram-equivalent, 543 
Gramophone, 285 

Graphical construction ^or concave 
mirror, 333 


Graphical constractfon for convex 
mirror, 886 

-lens, 846 

Grating, diffraction, 484 
Gravesande's ring, 145 
Gravitation, law of, 70 

-, verification by motion of 

moon, 71 

Grease spot photometer, 294 
Gridiron pendulum, 149 
Guericke, Otto von, 88, 99 
Guinea and feather, 17 
Gyration, radius of, 67 

Hadley, 871 

Half-watt lamp, 505 

Hardness, 123 

Harmonics, 274 

Heat, a form of energy, 206 

— rays, 886 

-, demonstration of, 228-31 

— —, experiment on, 887 

-, wave-length of, 419 

Heating effect of current, 505, 523-24 
Helmholtz, 408, 406 

Henry, 588 
Henry, the, 587 
Herschel, Sir William, 886 
Hertz, 590 

Hibbert's magnetic balance, 462 

High frequency wave, 591 

** Homogeneous atmosphere,** 94 

Hooke’s law, 116 

Hope’s apparatus, 156 

Horizon, artificial, 372 

Horse-power, 61 

Hughes, 568 

Humidity, relative, 105 

llunnings, 508 

Huygens, 415 

Huygens* construction, 415-17 
Hydraulic press, 83 
Hydrogen atom, mass of, 643 

— thermometer, 160 
Hydrometer, Nicholson’s, 113 
—, variable immersion, 112 
—, Watt’s, 90 
Hydrostatic balance, 110 

— method of determining coefficient 
of expansion, 156 

-— paradox, 82 
Hygrometer, chemical, 200 
—, Daniell’s, 190 
—, Dines’, 200 
—, Rcgnault’s, 107 
—, wet and dry bulb, 198 
Hygrometric state, 196 


Hygrometiy, 195-201 
Hypermetropia, 809 
Hypsometer, 140 
Hysteresis, magnetic, 563 
“ Hyvac ” pump, 102 

Ice calorimeter, Bunsen’s, 177 
—, determination of density of, 184 
Iceland spar, 420 
Ice-pail, Faraday’s, 479, 488 
Illumination of a surface, 292 
-, measurement of, 209 

— of rooms, 800 

—, variation with angle of incidence, 
298 

Image of a line by reflection, 804 

-point by reflection, 803 

-refraction, 816 

— produced by a prism, 377 
Images, multiple, 308—11 
Impact, elastic, 42 
Incandescent lamp. 5G4 
Inclined mirrors, 300-11 
Inclined plane, motion on, 87 
Index of refraction, 314 
Induced currents, 553-53 
Inductance, 586 
Induction coil, 559-60 

—, magnetic, 442 
Inductor, earth, 556 
Inertia, moment of, 66 
Infra-red, 886 

Ingenhousz’s experiment, 218 
Interference of light, 427-34 

-sound, 254 

-surface waves, 243 

Interval between notes, 269 
Invar, 149 

Inverse square law, 202-93 
Ions, electrolytic, 544 
—, gaseous, 570 
Iris, 897 

Irrationality of the spectrum, 419 
Isoclinal lines, 466 
Isogonals, 464 
Isotopes, 580 

Jet, force exerted by, 95 
—, luminous, 824 
Joly’s steam calorimeter, 178 
Joule’s experiments on nature of 
beat, 203 

— equivalent, 204 

— law, 523 

Kelvin, 211, 502, 511, 582, 551, 588 
—, scale of temperature, 167 



Kepler> Invention of telescope, 864 
Kepler’s law of refraction, 830 
Keys, 528 
Kilowatt hour, 528 
Kirchhoff and Bunsen spectroscope, 
389 

Kirchhoff’s laws, 521-22 
Kite, 96 

Kundt’s interference tube, 255 
— tube, 283 

Lambert, superposition of colours, 
404 

Lamp, arc, 505 
—, flame arc, 565 
—, half-watt, 565 
—, incandescent, 564 
Land and sea breezes, 225 
Lantern, projection, 373 
Laplace, velocity of sound, 256 
Latent heat of fusion, 174 

_steam, determination of, 175 

_— — vaporisation, 174 

__water, determination of, 175 

Laue, 582 

Lechlanch6 cell, 504, 546 
Left-hand rule, 534 
Lens, formula for, 347 
Lenses, 345-62 
—, two, in contact, 349 
Lenz’s law, 554 
Leslie’s cube, 232 
Lever, 29 

Leyden jar, 491, 495 

-, detachable, 499 

_—, discovery of, 499 

Lift pump, 103 
Lightning, 499 

Linear expansion, coefRcient of, 145 

-, measurement of, 147 

Lines of electric force, 483 

-magnetic force, 446 

Liquid air machine, 213 
Lissajous’ figures, 251, 267 
Long sight, 399 
Longitudinal waves, 247, 419 
Loops, 245 

Low frequency wave, 591 
Lumen, 292 
Luminous jet, 324 
Lux,292 

ft, 418 
fxf,, 418 
Machines, 56 
M'Leod Gauge, 105 
Macula lutea, 397 


Magdeburg hemispheres, 89 
Magic dagger, 342 
Magnet, making a, 441, 514 
Magnetic balance, Hibbert’s, 462 

— elements, 466 

— field, 445 

-, mapping a, 447-50 

-of electric current, 506 

— induction, 561 

— storms, 469 

Magnetisation, intensity of, 561 
Magnetism, molecular, 450-51 
Magneto, 573 
Magnetometer, 457, 562 
Magnification of compound micro-* 
scope, 371 

— of lens, 848 

— of telescope, measurement of, 367 

— produced by spherical mirror, 
334 

Magnifying glass, 363 

—, measurement of magnification, 
364 

MalleabUity, 123 

Malus, 422 

Manometer, 100 

Manometric flame, 282 

Mapping magnetic field, 447-50 

Marcct’s boiler, 192 

Mariotte, 93 

Maximum thermometer, 143 
Maxwell, Clerk, 403, 406, 590 
Maxwell’s colour disc, 404 
Measurement of resistance by sub¬ 
stitution, 529 

Mechanical advantage of a machine. 
57 

— equivalent of heat, 204 
Mcldc’s experiment, 277 
Melting-point, change of, with pres¬ 
sure, 184 

Meniscus lens, 345 
Metacentre, 114 

Metallic conduction, theory of, 579 
Metre-candle, 292 
Michclson, 413 
Micro-farad, 490, 538 
Micrometer screw gauge, 7 
Microphone, 568 

— transmitter, 568 
Microscope, 370 

—, simple, 363 

—, vernier, 371 _ ^ 

Microscopic method of determining 
refractive index, 317 
Miller's air thermometer, 164 
Millikan, 484 



Minimum deviation, 876 

— —, formula for, 878 
~ thermometer, 148 
Mirage, 828 

Mirror galvanometer, 511 
—, manufacture of, 804 
—, rotation of, 806 
—, rotating, 282 

— telescopes, 869 
Mirrors, inclined, 809-11 
—, parallel, 808 

—, spherical, 831—44 
Mixtures, law of, 171 
Molecular forces, 122 

— magnetism, 450-51 
Molecules and atoms, 121 
Moment of a magnet, 458 
Moments, law of, 27 
Momentum, 88 
Monochord, 278 
Monochromatic light, 884 
Morse code, 566, 590 

— sounder, 567 
Motor, electric, 570 

-, back E.M.F. in, 572 

-, efficiency of, 578 

Moving coil galvanometer, 535 
Multiple images, 808-11, 820-21 
Musical scale, 269 

Myopia, 899 

Natural light, 421 

Near point, 398 

Negative, photographic, 378 

Neon lamp, 890 

Neutral point, 448 

Newcomb, 413 

Newton, 71 

—, combination of colours, 408, 404 
—, discovery of spectrum, 383, 885 
—, velocity of sound, 256 
Newton’s law of cooling, 234 

— laws of motion, 88-36 

— rings, 483 

Nicholson’s hydrometer, 113 
Nickel plating, 545 
Nicol prism, 421 
Nodes, 245 
Nonnan, Robert, 469 

Oersted’s experiment, 504 
Ohm’s law, 516 
One-fluid theory, 484 
Onnes, Kamerlingh, 167 
Optical bench, 889 

— centre of a lens, 858 

— lantern, 878 


Organ pipes, 280-82 
Orthochromatic, 887 
Osmotic pressure, 180 
Overtones, 276 

Panchromatic, 387 
Papin’s digester, 187 
Parabolic motion, 21 
Parallax, 805 

Parallel forces, equilibrium of, 30 

— mirrors, 808 
Parallelogram of forces, 24 

-velocities, 18 

Paramagnetic substances, 443 
Partials, upper, 275 

Pascal’s experiments on barometer, 8ft 

— vases, 76 
Peltier effect, 551 
Pelton wheel, 95 
Pendulum, Blackburn’s, 251 
—, compound, 69 

—, gridiron, 149 
—, simple, 38 
Penumbra, 291 
Pepper’s ghost, 307 
Perforated screen photometer, 295 
Period of vibration of magnet, 459 
Permeability, magnetic, 561 
Perrotin, 412 
Phantom bouquet, 342 
Phonograph, 285 
Phosphorescence, 388 
Photographic camera, 372 

— plate, 373 
Photometer, Bunsen, 294 
—, grease spot, 294 

—, perforated screen, 295 
—, Rumford, 204 
—, shadow, 294 
—, Trotter, 295 
—, wedge, 295 
Photometry, 296 
—, experiments in, 298 
Pigments, mixing coloured, 405 
Piledriver, 62 
Pinhole camera, 290 

Pin optics experiment on refraction. 
818 

-experiments, 304-06 

methods applied to glass prisms, 

3T8 

Pipes, organ, 280-82 

Pitch, measurement of, 265-68 

Planck, 424 

Planck’s constant, 424 

Plane-polarised light. 422 

— wave, 420 
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Platinite, 150 

Platinum thermometer, 532 
Pohf’s commutator, 529 
Polarimeter, 423 
Polarisation of cell. 540 
Polariscope, 423 
Polarising angle, 422 
Polygon of forces, 26 
Positive ray analysis, 580 

— rays, 580 
Post-office box, 531 
Potential, 480-00 

—, due to spherical conductor, 488 

—, sparking, 575 

Potentiometer, 539 

l^oundal, 35 

Presbyopia, 400 

Pressure, centre of, 80 

— in a lluid, 75 

-same in all directions, 78 

—, transmission of fluid, 81 

Prevost’s theory of exchanges, 233 

Primary colours, 402 

Prism glasses, 309 

—, image produced by, 877 

—, reversing, 132 

—, totally reflecting, 324 

Prismatic compass, 470 

Prisms, 370 

Projectile, range of, 22 

Projection of a spectrum, 885 

Ptolemy’s data on refraction, 315-10 

Pulleys, systems of, 00 

Pumps, 99-100 

Pyknometer, 111 

Pyrometry, optical, 237 

Pythagoras, 274 

Quadrant electrometer, 502 
Quantum, 423 

lladiation of heat, 227-38 
Radioactivity, 583-85 
Radiogram of hand, 582 
Radium, discovery of, 583 
—, energy of, 585 
Rainbow, 391 
—, secondary’, 392 
Rarefaction, 247 
Ray, reversibility of, 303 
Rayleigh’s sensitive flame, 259 
Raymond, Du Bois, 5o0 
Real image, 303 
Rdaumur scale, 188 

Rectilinear propagation of light, 280, 
430 


Reduction factor of galvanometer. 

Reflecting telescopes, 369 
Reflection, diffuse, 302 
— , experiments on, 304 
—, laws of, 302 
—, of water wave. 242 
—, total, 322 

Refraction at a spherical surface 
355 

—, atmospheric, 327 
—, double, 420 
—, laws of, 313-15 

— of sound, 257 

— of water wave, 242 
—, through a lens, 357 
Refractive index, 314 
-, aboslutc, 326 

-by microscopic method, 817 

Rcgelation, 184 
Regnault, 253 

Regnault’s apparatus for absolute 
expansion of mercury, 155 

— hygrometer, 197 
Relative density, 110 

— humidity, 105 
Relay, telegraphic, 567 
Relief, perception of, 401 
Resinous electricity, 472 
Resistance box, 527 
Resistances in parallel, 518 

-series, 518 

Resolving power of eye, 398 
-telescope, 866 

-— —, measurement of, 307 

Resonance, 277 
—, electric, 689 
—, velocity of sound by, 270 
Retina, 897 

Reversibility of ray, 303 
Reversing prism, 374 
Rheostat, 528 
Rigidity modulus, 118 
Ritchie’s apparatus, 233 
Ritter, J. W., 387 
Robison, 447 
Rods and cones, 397 
Romer, 409 
Rontgen, \V. K., 581 
Roget’s spiral, 537 
Rotating mirror, 282 
Rotation of a place mirror, 806 

-platie of polarisation, 422 

Rotational motion, 66-70 
Roy and Ramsden’s apparatus, 147 
Rubmkorff coil, 660 
Rumford photometer. 294 


Rumford*a experiments on nature of 
heat, 202 

Rutherford, 485, 583, 584 

S composition of, 248-51 

Saccharimeter, 423 

Sail, action of wind on, 06 

Saturated vapour. 100 

Saturation pressure, 190 

Savart's wheel, 264 

Scalar*s, 13 

Scale in boilers, 223 

Sclerotic, 807 

Screening, electric, 484 

Screw gauge, 7 

— press, 58 

Searle’s apparatus for determining J, 

— — — measuring conductivity, 

Secular change, 468 
Seebeck, 550 

Self-induction, coemcient of, 586 

Sensitive flame, 258 

Setting sun, fish and, 323 

Sextant, 871 

Shadow photometer, 204 

Shadows, 291 

Shearing strain, 117 

Shielding effect of iron, 450 

Ships, stability of, 114 

** Short mercury column,** 03 

Short sight, 300 

Shunts, 510 

Sidereal day, 5 

Signs, convention of, 834, 887 

Silver plating, 545 

Simple harmonic motion, 20 

— microscope, 363 

— pendulum, 88 

Sine galvanometer, 511 
Singing flame, 288 
Siphon, 105 
Siren, 262 
Snell, 816 

Soap bubble, excess of pressure in¬ 
side, 128 

Sodium flame, 383 

— spectrum, 300 
Solenoid, 514 
—. suspended, 535 

Solidification, change of volume on. 
184 

Solitary wave, 247 
Sonometer, 278 
Sound ranging, xOo 
—• velocity of. J 


South magnetic pole, discovery of, 
470 

Sparking potential, 575 
Specific conductivity, 517 

— gravity, 109-13 
-bottle, 111 

— heat, 170 

— — by method of cooling, 235 
-» determination of, 172 

— heats of a gas, difference of, 208 

— inductive capacity, 403, 494 

— resistance, 517 
Spectacles, calculation of, 400 
Spectrometer, 880 
—, experiments with, 382 
Spectroscope, 889 
—, direct vision, 887 
Spectrum analysis, 890 
—, complete, 410 
—, continuous, 300 
—, discovery of, 383 
—, projection of, 385 
Speculum metal, 369 
Speed,10 

— time diagram, 11 
Spherical aberration, 304 
-of eye, 308 

— mirrors, 831—44 
-* experiments on, 839 

— surface, refraction at, 355 
Sphero-cylindrical lens, 400 
Spherometer, 8 
Spirit level, 75 

Spring, potential energy of, 63 
Standard atmospheric pressure 89 

— candle, 202 

Stars, twinkling of, 377 
Stationary waves, 244 
Steam calorimeter, Jolv’s, 178 
Stefan’s law, 286 

Stem correction of thermometer, 141 
Stereoscope, 401 

®^Rhes, explanation of fluorescence, 
388 

Storage cell, 548 
Stress and strain, 117 

— produced by change of tempera¬ 
ture, 150 

Stretched string, 273-75 
Stroboscopic disc, 2CG 
Sturm and Colladon, 253 
Sublimation, 184 
Sun, temperature of, 238 
—, constitution of, SOI 
rS'ipercoolod watt-r, 183 
Surface tensiou, 123-28 
-measurement of. 125 
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Susceptibility, magnetic, 501 
Swan spectrum, 390 
Swimming man rule, 506 

Tangent galvanometer, 509—10 
Telegraph, 5GG 
Telephone, 567 
Telescope, astronomical, 364 
—, formula for magnifying power 
365 

—, Galilean, 867 
—, resolving power of, 306 
—, terrestrial, 308 
Telescopes, mirror, 369 
Temperature and thermometers, 135- 
144 

— gradient, 210 
Tenacity, 123 
Terrestrial telescope, 368 
Test of a flash lamp, 299 
Thales, 472 
Therm, 170 
Tliermal capacity, 170 

— unit, British, 170-79 
Thermo-couple, 550 
Thermo-electric thermometer, 551 
Thcrmo-clcctricily, 550 
Thermometer, construction of, 137 
—, differential, 227 
—, platinum, 532 
—, thermo-electric, 551 
—, weight, 153 
Thcrmometric fixed points, verifi¬ 
cation of, 139 

Thermopile, 227, 387, 551 
Vhermos flask, 230 
Thermostat, 157 
Thin films, colours of, 431 
Thomson effect, 551 
Thomson, J. J., 485, 577 
Three-colour printing, 400 
Timbre, 276 
Tocpler pump, 101 
Tongs, discharging, 480 
Tone or toroidal lens, 400 
Torricelli’s experiment, 85 

— theorem, 97 
Total reflection, 322 

-, experiment on, 323 

Totally reflecting prism, 324 
Tourmaline, 422 

Tracing position of image for lens, 354 
_— spherical mirror, 340 

Trade winds, 225 
Transformer, 578 
Transmission of glass plate, 297 


Transmitter, microphone, 668 
Transverse waves, 246, 410 
Triangle of forces, 26 
Trotter photometer, 295 
Tuning-fork, 204 

-, electrical, 265 

Twilight, 815 
TwinWing of stars, 377 
Two-fluid theory, 484 

U-tube, 78 
Ultra-violet, 387 
Umbra, 291 

Unit charge of electricity, 481 

— current, 507 

— electromotive force, 507 

— quantity of magnetism, 444 

— resistance, 617 

Vacuum, theoretical, of air pump, 100 
Vapour pressure, 190-95 

— —, Itegnault's method of deter*» 
mining, 191 

Variation, magnetic, 464 
Variometer, 593 
Vectors, 12 

Velocity of light, aberration method, 
410 

-, Fizeau’s method, 411 

-, Foucault’s method, 418 

-, Romer’s determination, 400 

-, Galileo’s experiment, 409 

-sound, 252 

_by resonance, 279 

_, effect of temperature on, 

256 

_in air, calculation of, 255 

_— —, variation with in¬ 
tensity, 253 

_, proof of formula for, 

257 

_in string, proof of formula 

for, 276 

Velocity ratio of a machine, 59 
Vena contracta, 97 
Vernier, 5 

Vibrations of rods and plates, 284 
Virtual image, 303 
Viscosity, 120 
Vision, binocular, 401 
—, defects of, 899 
Vitreous electricity, 472 

— humour, 397 
Volt, 488, 508 
Voltaic cell, 545—49 
Voltameter, 505, 648 
Voltmeter, 586 
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Water equivalent, 171 

— —, determination of, 171 

—, maximum density point, 156 

— waves, 241 
Watt, James, 61 

Watt, unit of activity, 61, 523 
Watt’s hydrometer, 90 
Wave theory of light, 415-87 

— motion, 241—47 
Wave-len^h, 417—19 
Waves, electromagnetic, 600 
Wedge photometer, 295 
Weight of light, 425 

— thermometer, 168 

Wet and dry bulb 'hygrometer, 198 

Wheatstone’s bridge, 680 

Wheel and axle, 59 

Whirl, electric, 478 

White light, recomposition of, 385 

Wiedemann-Franz law, 221 

WUson, C. T. R., 680 

Wimshurst electrical machine, 500-02 


Wind, electric, 478 
Winter’s frictional machine, 497 
Wire bridge, 580 
Wireless waves, 419 
Work, definition of, 55 
— done by expanding gas, 207 
—, principle of, 58 
Wratten filters, 406 

X'Rays, 419, 681-82 

Yellow spot, 397 
Yerkes telescope, 866 
Yield point, 119 

Young-Helmholtz theory of colour 
vision, 406 

Young’s modulus, 116 

Zeiss, 869 

Zero, absolute, 160 

Zincite-hornite, 502 
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